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INTRODUCTION (Subject, Purpose, Scope of the Research) 

The signs and symptoms, of viral infection result from the capacity of viruses to damage or 

kill cells in different organs. Two distinct pattems of cell death, necrosis and apoptosis can be 

distinguished based on a variety of biochemical and morphological criteria. Apoptotic cell death is 

characterized by diminution in cell size, membrane blebbing, and compaction, margination and 

fragmentation of nuclear DNA. We have recently shown, in Work supported by this grant, that 

apoptosis is a key mechanism by which viruses injure the cenfral nervous systerri in a variety of 

important human infections including herpes simplex encephalitis, cytomegalovirus encephalitis, 

and progressive multifocal leukoencephalopathy (see reportable outcomes #6,7). 

Most apoptotic processes are triggered by the activation of caspases, a family of cellular 

cysteinyl proteases that can be hierarchically ordered into initiator and effector enzymes. Following 

proteolytic activation by initiator caspases, effector caspases act on a variety of cellular substrates to 

induce the morphological changes characteristic of apoptosis. hidividual initiator caspases are 

associated with different cellular organelles involved in specific cell death pathways. In the extrinsic 

pathway, apoptosis is mediated by the binding of apoptosis inducing hgands such as TRAIL, TNF, 

or FasL to their cognate cell surface "death receptors". This binding leads to formation of a death- 

inducing signal complex (DISC) that activates caspase 8, the death-receptor associated initiator 

caspase. Death signals initiated at the mitochondrion result in the release of a variety of pro- 

apoptotic factors including cytochrome c, Smac/DIABLO (Second mitochondrial activator of 

caspases), and AEF (apoptosis inducing factor). Although the actions of mitochondrial pro-apoptotic 

factors are diverse, two important pathways include apoptosome-mediated activation of the initiator 

caspase 9 triggered by cytosolic release of cytochrome c, and augmentation of caspase activity by 

the inliibition of cellular inhibitor of apoptosis proteins (lAPs) mediated by their binding to     . 

Smac/DIABLO. The subject and purpose of this research project is to study the mechanisms by 



which viruses induce apoptotic cell death in cell culture and animal models of virus-infection, and in 

human CNS tissues. 

PROGRESS REPORT 

This is the fiftii annual progress report on this research project. Twelve papers have been 

pUbUshed in the 7/1/2002-2003 reporting period (see Reportable Outcomes). Reprints of all 

published papers have been included as an appendix. Research funded by this grant has been 

presented at national and international scientific meetings including the 22"*^ Annual Meetings of the 

American Society for Virology, and the 5* meeting of the International Society for Neuro virology 

(see Reportable Outcomes), hi accordance with the technical reporting requirements for this grant, 

we have substituted journal publications for detailed descriptions of specific aspects of the research. 

However, to facilitate review of this report, we have also briefly svmimarized the key research 

findings in these papers in the text. Reference numbers in text refer to papers listed in Reportable 

Outcomes. Accomplishments are reviewed below and keyed to the specific 

aims/statement of work (SOW) as outlined in the original" research appKcatioh and subsequent 

expansions. 

Original SOW 1: Is apoptosis a general feature of human viral encephalitis? 

Papers describing work conducted under this part of the SOW have been pubUshed in 

Archives of Neurology (ret 6) and Journal of Infectious Diseases (ref 7). We initially selected 

herpes simplex virus (HSV) and cytomegalovirus (CMV) encephalitis (7) to study, as HSV 

encephalitis represents the most common-cause of severe sporadic focal encephalitis in the U.S., and 

CMV encephalitis is the most common congenital neurological infection in humans. Specimens 

from ten immunocompetent patients with HSV encephalitis and three immunocompetent infants 



with congenital CMV encephalitis were examined for viral antigen distribution, pathology, and 

evidence of apoptosis as indicated by positive staining for the activated form of caspase 3, or 

terminal dUTP nick end labeling (TUNEL). We foimd evidence of apoptosis in 6/7 brain specimens 

from patients who had died of acute HS V encephalitis, and in 0/3 samples from patients who had 

died of other causes following a remote history of HSV encephalitis. We also found apoptosis in a 

child who had died of acute CMV infection but not in patients who had a remote history of infection. 

In order to determine if apoptosis was occurring in infected cells, sections from HSV-infected brains 

were double-labeled for viral antigen and activated caspase 3 (apoptosis marker). Apoptotic cells 

were found to include both infected (antigen positive) 

neurons and ghal, as well as uninfected cells in close proximity to infected cells ("bystander 

apoptosis"). In the case of CMV infection the majority of apoptotic cells were neurons that contained 

viral antigen. Comparing HSV. and CMV infection it appeared that bystander apoptosis was more 

significant in HSV infection, and only rarely seen in CMV infection. There was no correlation 

between the degree of inflammatory response in tissue specimens, as identified by CD3+ cells, and 

apoptosis. We subsequently expanded our studies to examine apoptosis in brain tissue from patients 

with progressive multifocal leukoencephalopathy (PML)(6). PML has.become one of the most 

important opportunistic viral CNS infections, due largely to its prevalence in patients with AIDS. 

We found that apoptosis occurred almost exclusively in JC virus-infected oUgodendrocytes at the 

periphery of demyelinating lesions in PML. Apoptosis was not detected in the 'bizarre', astrocytes 

that are characteristic of PML, nor in neurons. This result is consistent with the fact that JCV 

infection in astrocytes is abortive (non-productive) and that the virus fails to infect neurons. These 

studies {6.,1) represent the first demonstration that apoptosis occurs in the CNS in these key human 

viral encephalitides, and the first demonstration that apoptosis is an important mechanism of CNS 

injury in viral infections other than HIV. 



As part of our studies characterizing apoptosis in human CNS viral infections, we have 

performed extensive analysis of brain material and CSF specimens of patients with acute viral 

encephalitis. Our experience obtaining and characterizing this material lead to additional 

publications in ihc Annals of Neurology (8) describing the use of quantitative PCR to characterize 

Epstein-Barr virus infections of the CNS, and in Journal of Clinical Virology (12) describing the 

use of PCR in the diagnosis of herpesvirus infections of the CNS. We measured EBV DNA by 

quantitative PCR and EBV mRNA by RT-PCR in 28 patients with EBV-associated CNS infections. 

We fovmd that patients with EBV-associated CNS lymphomas (n=14) had high EBV DNA copy 

numbers but relatively modest CSF cell counts. By contrast patients with EBV encephalitis (n=10) 

had both high EBV DNA copy number and a prominent CSF pleocytosis. Lytic cycle EBV mRNA, a 

marker of EBV replication, was found in both patients with EBV-associated CNS lymphoma and 

acute encephalitis. 

Expanded SOW Aim 1.1: Cellular apoptotic pathways activated in human viral 

apoptosis. . 

As noted above, we have shown that activated caspase 3 can be detected in areas of apoptosis 

in brain tissues from patients with CMV and HSV encephalitis, and correlated theses results with 

detection of apoptosis'by TUNEL and the presence of inflammatory cells (u^ing CDS as a marker) 

(6,7). 

' Expanded SOW Aim 1.2: Examine apoptotic pathways and the effects of inhibiting 

apoptosis in a murine encephalitis model. 

Ill previously reported work supported by this grant we have shown that apoptosis occurs in 

both the CNS and heart in murine models of reovirus-induced apoptosis. These studies formed the 

basis for this expansion of the original SOW. In a paper pubhshed in the Journal of Neurovirology 

(9) we have now extended our studies of CNS apoptosis to show that we can detect activated caspase 



3 in apoptotic cells in the murine CNS, and have used co-labeling to correlate infected (antigen 

positive) and apoptotic cells, and to identify the predominant apoptotic cell type as neurons (9). We 

have also shown that caspase 3 is infected in the brains of reovirus-infected mice (9). We have now 

performed experiments testing the capacity of two pan-caspase inhibitors (ZVAD-fink and OPH) 

and of minocycline to inhibit apoptosis and protect mice against lethal intracerebral challenge with 

reo virus. Studies are also currently underway in caspase 3 knockout mice (courtesy of Richard 

Flavell, Yale University). Preliminary studies indicate that all these caspase inhibitors decrease the 

number of apoptotic cells in the CNS, reduce the extent of histopathological injury, and prolong 

survival after viral challenge. A manuscript describing these results is in preparation, and aspects of 

this work were recently presented at the 5* Meeting of the Intemational Society of Neuro virology 

(see Reportable Outcomes). 

Expanded SOW Aim 1.3: Examine changes in gene expression in a murine model of 

CNS encephalitis in which apoptotic injury is critical to pathogenesis. In work supported by this 

grant, we have used large-scale oligonuc^eotide arrays (AfiEymetrix GeneChips) to examine changes 

in the expression of mRNAs for cell cycle regulatory genes following reovirus-infected HEK cells. 

In an effort to set the stage for in vivo studies, we examined reovims-induced changes in genes 

involved in regulation of apoptosis and DNA damage and repair in infected cells in culture. During 

the current reporting period we published a paper in the Journal of Virology describing reovims- 

induced alterations in expression of apoptosis and DNA repair genes (1). For these studies cells were 

infected with the apoptosis-inducing reovirus type 3 Abney (T3A) strain and with a non-apoptosis 

inducing reovirus strain (reovirus type 1 Lang, TIL). Gene expression was analyzed using 

Affymetrix U95A chips containing features representing >12,000 himian genes. We found that 

expression of 24 genes involved in regulation of apoptosis was significantly altered (> 2-fold), with 

22 being up-regulated and two down-regulated, in T3A compared to mock infected cells. Of this set 



of 22 genes only 5 were also differentially expressed in TIL infected as compared to mock-infected 

cells. The involved genes included ten genes involved in mitochondrial apoptotic signaling, three in 

ER stress signaling, four in death receptor signaling, four apoptotic proteases, and three other genes. 

In addition to inducing many genes involved in regulation of apoptosis, these studies also indicated 

that viral infection altered expression of 14 genes involved in repair of DNA damage, thirteen of 

which were down regulated by the apoptosis inducing T3A strain. Infection with the non-apoptosis 

inducing TIL strain did not alter expression of any DNA repair genes. 

In an effort to validate the oligonucleotide array data, levels of expression of selected genes 

was also analyzed by RT-PCR. We found an excellent correlation between microarray and PCR 

data for the twelve genes tested. Finally, we also investigated expression of protein in infected mice 

of SMN (survival motor neuron), the protein product of a gene whose expression was shown to be 

up regulated in both genechip and RT-PCR studies. We found that, as would be predicted by the 

mRNA expression studies, that levels of SMN were significantly up-regulated in reovirus infected 

mice by day 7-8 post-infection comparedjo uninfected controls and infected mice early following 

infection (days 3-5). - 

Original SOW 2.0: Is the ceramide/sphingomyelin pathway involved in reovirus- 

induced apoptosis? This aim was previously revised and expanded based on work accompUshed to 

more broadly identify cellular pathways involved in reovirus-induced apoptosis. 

Expanded SOW 2.1,2.2, & 2.3: Identify cellular pathways leading to the activation of 

NF-DB and JNK/c-JUN in reovirus-infected cells, and the genes regulated by these 

transcription factors. 

We have previously shown in work supported by this grant that reovirus infection is 

associated with the activation of ISIF-KB and that infection also leads to the selective activation of 

mitogen activated protein kinase pathways including both the ERK and JNK pathways. In a: paper 



published during the current reporting period in the Journal of Biological Chemistry (4), we have 

now shown that after initially activating NF-KB, reovirus infection subsequently induces an 

inhibition of NF-KB activation. During this second phase, reovirus infection can also be shown to 

block NF-KB activation induced by both TNF and etoposide. The canonical pathway for NF-KB 

activation involves the phosphorylation, ubiquitination, and subsequent degradation of IKB, the 

cytosolic inhibitor of NF-KB. Reo virus-induced inhibition of NF-KB activation requires viral 

replication, and involves virus-induced inhibition of IKB degradation through as yet unidentified 

mechanisms. We have hypothesized that the initial phase of reovirus-induced early NF-KB 

activation is required for the expression of pro-apoptotic NF-KB dependent genes and the subsequent 

inhibition prevents later expression of anti-apoptotic NF-KB dependent genes. 

In a paper published during the current reporting period in the EMBO Journal (2) we have 

extended our previously characterization of the role.of MEKKl, a MAPK kinase kinase (MAP3K) 

upstream of INK in apoptosis-related processes. We have previously shown, in work supported by 

this grant, that reovirus infection is associated with MEKKl activation, and that inhibition of this 

activation dramatically inhibits reovims-induced INK activation. In this paper, we now show that 

MEKKl is required for activation of calpain, a cysteine protease that we have previously shown, in 

work also supported by this grant, is activated following reovirus infection in cell culture and in 

vivo. We have also shown that inhibition of calpain activation results in inhibition of reovirus- 

induced apoptosis both in cultured cells, and in a murine model of reovirus-induced myocarditis in 

VIVO. 

In collaboration with Dr. Gary Johnson (Chair, Department of Pharmacology, University of 

North Carolina, previously at the UCHSC Department of Pharmacology) and Dr. hnran Shah in the 

Bioinformatics Group of the Gene Expression Core Facility at UCHSC, we have identified patterns 

of transcriptional regulation that provide an explanation for the specific sets of genes activated 

10 



following reovinis infection. A manuscript describing these results is in preparation. We initiated 

these studies by (a) identifying all genes up-regulated following reovinis infection in HEK cells 

(done, see prior reports and current report reference 1), (b) using GenBank (www.ncbi.nlm.nih. govl 

and other sources to obtain -1000 kb of nucleotide sequence upstream of the initial start codon of 

these reovirus-regulated genes (done), (c) using TRANSFAC (http://transfac.gbf de/TRANSFAO a 

transcription factor database, and TRANSPATH rhttp://193.175.244.148/) a signal transduction . 

pathway database and other databases containing information about promoter binding sequences to 

identify the pattern and order of transcription factor binding sites in genes up-regulated following 

reovinis infection compared to non-altered control genes (in progress). We have found that there are 

several unique clusters of transcription factor binding regions ("modules") in genes whose 

expression is altered in reovinis infected cells, as compared to genes whose expression is not altered 

in infected cells, and to genes randomly represented on the test chips. These results are consistent 

with a model in which reovinis infection induces the expression of a specijBc limited set of 

transcription factors, and that this set in turn induces the expression of a limited number of host cell 

genes containing appropriate modules of binding sites for these transcription factors. Based on this 

analysis we have also predicted that reovinis infection might be associated with activation of the 

transcription factor SREBP, a prediction we have now confirmed in infected cells. 

Expanded SOW 2.4: Identify the role of the mitochondrion in reovirus-induced 

apoptosis. Tn two papers published during the current reporting period in the Journal of Virology 

(10) and.Cell Death and Differentiation (11) we have shown that reovinis infection in HEK cells is 

associated with release of the mitochondrial pro-apoptotic factors eytochrome c and Smac/DIABLO, 

but not of AIF. Cytochrome c forms part of the apoptosome involved in' activation of the 

mitochondrial-related initiator caspase, caspase 9. We have also shown that caspase 9 is activated 

following reovinis infection (11). Reovinis infection is also associated with the release of 

11 



Smac/DIABLO (10). This protein facilitates apoptosis by binding to cellular inhibitor of apoptosis 

(lAP) proteins that act to inhibit caspase activation. Binding of Smac/DIABLO to lAPs prevents 

their inhibition of caspase activity, thereby augmenting apoptosis. We have shovm that, consistent 

with the release of Smac/DIABLO, reovirus infection is associated with a selective down-regulation 

of specific cellular lAPs including XIAP, cIAPl, and survivin (10). We have also shown, using cells 

expressing a dominant negative form of caspase 9, that is Ukely Smac/DIABLO release rather than 

caspase 9 activation, that plays the critical role in augmenting reovirus-induced apoptosis. 

Expanded SOW 2.5: Identify the mechanism by which reovirus infection sensitizes cells 

to killing by TRAIL. We have previously shown in work supported by this grant that reovirus- 

induced apoptosis in non-neuronal cells involves the apoptosis-inducing ligand TRAIL and its 

associated death receptors, DR4 and DR5 (see 3). Reovirus-induced killing of a wide variety of 

human cervical, breast, and limg cancer derived cell Unes is also due to apoptosis and mediated by 

TRAIL. Reovirus infection and TRAIL act synergistically to induce apoptosis, and reovirus 

infection sensitizes cells to killing by TRAIL. As part of the studies of reovirus-induced NF-KB 

regulation (4) (see above), we have shown that the ability of reovirus to inhibit NF-KB activation is 

required for their capacity to sensitize ceils to TRAIL killing. 

Original SOW 3.0: Is reovirus apoptosis associated with aberrant regulation of cell 

cycle progression and does this dysregulation occur in post-mitotic neurons? 

We have previously shown in work supported by this grant that reovirus infection is' 

associated with dysregulation of cell cycle, and the induction of G2/M cell cycle arrest. We have 

shown that infection is associated with inhibition of the G2/M checkpoint kinase p34'^'^'^^, and that 

this in turn may result from up-regulation of p34'^^'^^ Mnases including chkl and weel, and inhibition 

of tlie activity of the p34'^*^'^^ phosphatase, CDC25C (3). We have used oUgonucleotide microarrays 

to identify the set of genes involved in ceiU cycle regulation whose expression is either up- or down- 

12 



regulated following reoviras infection (see Expanded SOW 1.3). The studies supported by this grant 

have now made reovirus-induced cell G2/M arrest one of the best characterized models of virus- 

induced cell cycle perturbation. 

Expanded SOW 3.1: Evaluate apoptotic pathways in both primary and continuous 

neuronal cell lines. 

We have examined apoptotic pathways activated following reovirus infection in both mouse 

neuroblastoma (NB41A3) and primary cortical neuronal cultures. A paper describing this work has 

been pubhshed during the reporting period in the Journal ofNeurovirology (9). Apoptotic pathways 

activated following reovirus infection in primary neuronal cultures are similar, but not identical, to 

those in non-neuronal cells (see ref 3 for review). In both neurons and non-neuronal cultures 

apoptosis involves cell surface death receptors. However, in neurons, in contrast to HEK cells,.we 

have evidence that both TNF and FasL in addition to TRAIL may play a role in apoptosis (9). In all 

cell types examined to date, infection is followed by caspase 8 activation which can be detected 

using antibodies specific for the activated form of caspase 8 (9). In HEK cells, mitochondrial pro- 

apoptotic factors play a critical role in augmenting death-receptor initiated apoptosis (see ref 3, 

10,11). By contrast, in neurons release of mitochondrial cytochrome c into the cytoplasm occurs 

only at low levels at late times following infection (9). Consistent with this result, caspase 9 

activation occurs at only low levels, and peptide inhibitors with relative specificity for caspase 9 

(Ac-LEHD-CHO) are less effective then caspase 8 (Ac-IETD-CHO), caspase 3 (Ac-DEVD-CHO), 

or pan-caspase inhibitors (Ac-ZVAD-CHO) in blocking reovirus-induced neuronal apoptosis. 

Expanded SOW 3.2: Identify the role of reovirus CTIS protein in reovirus-induced cell cycle 

dysregulation. 

We have recently shown that the reovirus als protein contains a classical nuclear localization 

signal QSfLS). We have created a plasmid that allows for expression of crls coupled both to green 
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fluorescent protein (GFP) and to the protein pyruvate kinase (PK). Because its size exceeds the 

limits for passive diffusion into the nucleus, the transfected fusion protein GFP-PK does not enter 

the nucleus unless it is actively transported. We have shown that coupling the als protein to this 

construct (als-GFP-PK) allows for nuclear transport, establishing that cyls contains a functional 

NLS. We have subsequently generated a construct in which the putative crls NLS, encompassing a 

highly arginine and lysine (KR) rich set of amino acids at positions #14-21, has been deleted. The 

resulting construct QISANLS-GF-PK) is no longer transported to the nucleus. This indicates that 

region of cjls between AAs 14-21 is necessary for the nuclear localization of als. A paper 

describing these results is in preparation, and aspects of this research have been presented at the 

annual meeting of the American Society of Virology (see Reportable Outcomes). 

KEY RESEARCH ACCOMPLISHMENTS: 

SOWl 

*Apoptosis is an important feature of CNS injury in human CNS viral infections caused by herpes 

simplex virus, cytomegalovirus, and JC virus (progressive multifocal leukoencephalopathy, PML). 

*Apoptosis in human CNS viral infections is associated with activation of caspase' 3 and can occur in 

both virally infected tieurons and in cells in proximity to infected cells ("bystander apoptosis"). 

♦Bystander apoptosis occurs with greater frequency in HSV compared to CMV encephalitis.   > 

* Both human Epstein-Barr virus encephalitis and primary CNS lymphoma are associated with the 

presence in CSF of large copy numbers of EB V DNA and with detectable lytic cycle mRNAs 

consistent with active viral replication. 

* Inhibition of caspase activation by pancaspase inhibitors can inhibit apoptosis, reduce the extent 

and severity of CNS histopathological injury and prolong survival in a murine model of reovirus 

encephalitis., ' 

14 



*Reovirus infection is associated with altered expression of genes involved in apoptosis and DNA 

repair. Down-regulation of DNA repair genes may contribute to reovirus-induced apoptosis. 

SOW 2 

*Reovirus infection is associated with two distinct phases of NF-KB regulation including an early 

activation phase followed by later inhibition of both virus-induced and stimulus induced (TNF, 

etoposide) NF-KB activation. 

*MEKK1 is required for calpaih-dependent proteolysis; 

*Virus-induced alterations in gene expression are dependent upon the presence in regulated genes of 

ordered sets of transcription factor binding sites (modules and super-modules) that occur with 

significantly greater firequency in genes up-regulated during viral infection compared to genes whose 

expression remains unaltered. 

*Reovirus-induced apoptosis in non-neuronal cells is initiated by death-receptor activation, but 

requires augmentation by mitochondrial apoptotic pathways for its full expression. 

*Mitochondrial pro-apoptotic factors released following reovirus infection in epitheUal and human 

cancer cell lines include both cytochrome c and Smac/DIABLO but not apoptosis inducing factor 

(AIF). 

* Activation of mitochondrial apoptotic pathways is associated with the subsequent down-regulation 

of cellular lAPs including XIAP, cIAPl. 

SOWS 

*Reovirus induced apoptosis in primary neuronal cultures involves pathways that are similar to but 

not identical with those identified in non-neuronal cells including initiation through death receptors 

and the requirement for augmentation via mitochondrial events including the release of Smac. 

15 



*Reovirus protein CTIS contains a classic nuclear localization signal (NLS), and can mediate the 

nuclear import of fusion proteins. 
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CONCLUSIONS 

Due in significant part to support provided by this grant, reoviruses have become one of the 

best understood models of virus-induced apoptosis. Viral genes and proteins involved in induction of 

apoptosis have been identified. The caspase activation pathways involved in apoptosis have been 

defined in both neuronal and non-neuronal cells, as has the role of specific mitochondrial pro- 

apoptotic factors. The capacity of the virus to activate specific MAPK cascades and their associated 

transcription factors has been characterized, and studies are currently underway to estabUsh the 

entire network of genes that are up-regulated following viral infection. The importance of apoptosis 

in a variety of in vivo models of infection including encephalitis and myocarditis has been 
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established, and studies are currently underway to determine whether key apoptotic pathways 

identified in vitro are also active in vivo. Targeted interventions that modulate apoptosis and 

enhance cell survival in vitro are being tested for efficacy as novel anti-viral strategies in vivo. The 

importance of apoptosis as a mechanism of CNS injury has also been estabUshed in a variety of key 

human viral infections, providing added significance to its study in both cell culture and 

experimental models of infection. 
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Reovirases are a leading model for understanding cellular mechanisms of virus-induced apoptosis. Reovi- 
ruses induce apoptosis in multiple cell lines in vitro, and apoptosis plays a key role in virus-induced tissue 
ii^ury of the heart and brain in vivo. The activation of transcription factors NF-KB and c-Jun are key events 
in reovirus-induced apoptosis, indicating that new gene expression is critical to this process. We used high- 
density oligonucleotide microarrays to analyze cellular transcriptional alterations in HEK293 cells after 
infection with reovirus strain T3A (i.e., apoptosis inducing) compared to infection with reovirus strain TIL 
(i.e., minimally apoptosis inducing) and uninfected cells. These strains also differ dramatically in their 
potential to induce apoptotic injury in hearts of infected mice in vivo—T3A is myocarditic, whereas TIL is not. 
Using high-throughput microarray analysis of over 12,000 genes, we identified differential expression of a 
defined subset of genes involved in apoptosis and DNA repair after reovirus infection. This provides the first 
comparative analysis of altered gene expression after infection with viruses of differing apoptotic phenotypes 
and provides insight into pathogenic mechanisms of virus-induced disease. 

The mechanisms by which viruses cause cytopathic effects in 
infected host cells are complex and only partially defined. Apo- 
ptosis is a direct mechanism of cellular injury and death, which 
can occur in the course of normal tissue development or as a 
pathological response to a variety of noxious stimuli. Mamma- 
lian reoviruses have served as useful models for studies of the 
viral and cellular mechanisms that are operative in host cell 
damage and death (14, 57, 80, 81). Reoviruses induce apopto- 
sis in a multiple cell lines in vitro and in murine models of 
encephalitis and myocarditis in vivo (18, 58, 68). Prototype 
strains serotype 3 Abney (T3A) and serotype 3 Bearing (T3D) 
induce apoptosis more efficiently than strain serotype 1 Lang 
(TIL). Differences in the capacity of reoviruses to induce apo- 
ptosis map to the viral SI gene, which encodes the viral attach- 
ment protein al (15, 69, 82). 

The signaling pathways by which reoviruses induce apoptosis 
in target cells are complex. Involvement of death receptor- and 
mitochondrion-mediated pathways of apoptosis as well as cys- 
teine protease activation have been demonstrated (11, 43). 
Binding of tumor necrosis factor (TNF)-related apoptosis-in- 
ducing ligand (TRAIL) to its cell surface death receptors— 
DR4 and DR5—splays a central role in reovirus-induced apo- 
ptosis in HEK293 cells and in several cancer cell lines (11,12), 
and other death-mducing ligands such as FasL are equally 
important in neurons (68). Activation of death receptor-re- 
lated apoptotic pathways results in a coordinated pattern of 
caspase activation (43, 44, 68). Mitochondrial apoptotic path- 
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(B-182), University of Colorado Health Sciences Center, 4200 East 9th 
Ave., Denver, CO 80262. Phone: (303) 393-4684. Fax: (303) 393-4686. 
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ways act to augment death receptor-initiated apoptosis, and 
apoptosis can be inhibited by stable overexpression of Bcl-2 
(43, 44, 69). Blockade of cysteine protease activity using selec- 
tive caspase inhibitors in vitro (11,43) and calpam inhibitors in 
vivo (18) results in decreased apoptosis in target cells and 
tissues. 

Reovirus infection results in activation of cellular transcrip- 
tion factors, including NF-KB (16) and c-Jun (13), and this 
activation plays a critical role in apoptosis. In the case of c-Jun, 
there is an excellent correlation between the capacity of viral 
strains to activate the JNK/c-Jun pathway and their ability to 
induce apoptosis (13). Inhibition of the activation of NF-KB by 
stable expression of the NF-KB inhibitor IKB, whether by the 
use of proteosome inhibitors or by targeted disruption of the 
genes encoding the p65 or p55 subunits of NF-KB, results in 
inhibition of reovirus-induced apoptosis (16). The close corre- 
lation between transcription factor activation and reovirus- 
induced apoptosis strongly suggests that new gene expression is 
critical for this process; therefore, we investigated the cellular 
response to reovirus infection at the transcriptional level. This 
was achieved by comparing transcriptional alterations after 
infection with a reovirus strain that efficiently induces apopto- 
sis (i.e., T3A) with alterations after infection with a strain that 
induces minimal apoptosis (i.e., TIL). These strains also differ 
in their potential for inducing apoptotic myocardial injury in a 
murine model of viral myocarditis; T3A infection causes myo- 
carditis and apoptotic myocardial injury, whereas TIL does 
not. 

Using high-throughput screening of over 12,000 genes by 
using high-density oligonucleotide microarrays, we have iden- 
tified transcriptional alterations in a defined subset of genes. 
When grouped into functional categories, a significant propor- 
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tion of altered transcripts include genes involved in apoptosis 
and DNA repair, and it is this subset that forms the focus of 
this paper. The findings described herein are the first large- 
scale description of virus-induced alterations in apoptotic sig- 
naling at the transcriptional level, including kinetics of these 
changes after infection with strains that differ in apoptosis- 
inducmg phenotype. These findings lend important insight into 
specific mechanisms of viral pathogenesis, since apoptosis has 
previously been demonstrated to be a critical mechanism for 
reovirus-induced damage in vitro and in vivo. 

MATERIALS AND METHODS 

Cells, virus, and infection. Human embryonic kidney 293 (HEK293) cells 
(ATCC CRL1573) were plated in T75 flasks at a density of 5 X 10* cells per flask 
in a volume of 12 ml of Dulbecco's modified Eagle's medium supplemented with 
10% heat-inactivated fetal bovine serum, 2 mM L-glutamine (Gibco-BRL), 1 mM 
sodium pyruvate (Gibco-BRL), and 100 U of streptomycin (Gibco-BRL) per ml. 
Monolayers were infected 24 h after plating, when cells were 60 to 70% conflu- 
ent. Reovirus strains T3Abney (T3A) and TlLang (TIL) (P2 stock) were used to 
infect monolayers at a multiplicity of infection (MOI) of 100 PFU per cell. A high 
MOI was used to ensure that all susceptible cells were infected and because pilot 
studies in our laboratoiy indicated that high-multiplicity infection enhanced the 
reproducibility of gene expression studies. Virus was adsorbed for 1 h at 37°C in 
a volume of 2 ml, during which time flasks were rocked every 15 min. Following 
adsorption, flasks were incubated at 37°C after the addition of 10 ml of fresh 
medium. T3A-infected cells were harvested at 6,12, and 24 h after viral infection. 
TlL^infected cells were harvested at 24 h postinfection. For control infections, 
HEK293 monolayers were inoculated with a cell lysate suspension, which was 
prepared identically to vu-al stocks but which lacked infectious virus. 

Cell harvests and RNA extraction. Cells were harvested by gently pipetting 
adherent and nonadherent cells from the flasks into 50-ml centrifuge tubes. After 
centrifiigation (DuPont Sorvall 6000) at 1,200 rpm for 5 min, cell pellets were 
resuspended in phosphate-buffered saline (PBS) and transferred to Eppendorf 
tubes for total RNA extraction (RNeasy Mini Total RNA isolation kit; QIA- 
GEN). Total RNA was extracted from each flask independently, resulting in 
duplicate RNA samples for each mfection condition at 6, 12 (mock, T3A), and 
24 (mock, T3A and TIL) h postinfection. A total of 16 RNA samples were 
prepared, and the yield and purity of extracted RNA were determined by spec- 
trophotometty. 

Target preparation. Biotinylated cRNA targets were prepared from a 10-|ig 
aliquot of each total RNA sample by following Affymetrfac instructions and 
protocols. Briefly, total RNA was reverse franscribed to double-stranded cDNA 
(Superscript Choice; Gibco-BRL) by using high-pressure Uquid chromatography- 
purified T7-(dT)24 oligomer for first-strand cDNA synthesis. Second-strand syn- 
thesis was performed by using T4 DNA polymerase, and double-stranded cDNA 
was isolated by using phenol-chloroform extraction with phase-lock gels. Isolated 
cDNA was in vitro transcribed and labeled (by using biotin-UTP and biotin- 
CTP) to produce biotin-labeled cRNA (BioArray High-Yield RNA transcript 
labeling kit; ENZO). Labeled cRNA was isolated by usmg RNeasy Mini Kit spin 
columns (QIAGEN). Yield and purity were quantified by using spectrophotom- 
etiy. Labeled cRNAs were fragmented in 100 mM potassium acetate, 30 mM 
magnesium acetate, and 30 mM Tris-acetate (pH 8.1) for 35 min at 94°C to 
produce labeled cRNA fragments of 60- to 300-bp length. For hybridization, 
cRNA target integrity was analyzed with Affymetrix control (Test 2) arrays to 
assess degradation and hybridization performance prior to hybridization to Af- 
fymetrix Human U95A high-density oligonucleotide microarrays. The U95A 
microarray contains cDNA oligomer that is complementary to 12,000 human 
genes with known function (no expressed sequence tags), which currently rep- 
resents the most comprehensive coverage of the human genome represented on 
a single microarray. Each of the 16 prepared target cRNAs was independently 
hybridized to a U95A array. Eukaryotic hybridization controls bioB, bioC, bioD, 
and ere were also included in the hybridization cocktail. Hybridization was 
carried out for 16 h at 45°C with rotation at 60 rpm. Microarrays were washed 
and stained with streptavidin-phycoetythrin conjugate by using the Affymetrix 
GeneChip Fluidics Station 400, following standard Affymetrix protocols. Staining 
intensity was antibody amplified by using a biotinylated antistreptavidin antibody 
at a concentration of 3 jig per ml which was followed by a second sfreptavidin- 
phycoerythrin conjugate stain, and hybridization intensity was analyzed by scan- 
ning at 570 nM. All hybridization and scanning steps were performed at the 

University of Colorado Health Sciences Center Cancer Center Microarray Core 
Facility. 

Data analysis. Each gene on the U95A array was represented by a group of 20 
different 25-base cDNA oligomers that were complementary to a cRNA target 
transcript (i.e., perfect-match probes). As a hybridization specificity control, each 
perfect match oligomer was accompanied by an oligomer differing from the 
perfect match sequence by a single base pair substitution (i.e., mismatch probes). 
The combination of perfect-match and -mismatch cDNA oligomers for each 
gene is termed a probe set. Affymetrix-defined mathematical analyses (metrics) 
were performed to assess specific versus nonspecific hybridization of experimen- 
tal cRNA targets to each probe set. Data files were analyzed by using GeneChip 
Microarray Suite software (version 4.0). 

Initially, hybridization of cRNA targets derived from each of the 16 experi- 
mental samples was analyzed independently. By using Affymetrix-defined abso- 
lute mathematical algorithms describing perfect-match and -mismatch hybrid- 
ization, each gene was defined as absent or present and was assigned a raw 
numerical value. Next, comparisons were made between virus-infected and 
mock-infected chips at each of the three time points postinfection. Raw numer- 
ical values were scaled to allow coinparison between arrays. Genes considered 
absent (excess of mismatch hybridization or no hybridization) were not excluded 
from analysis, since genes changing from present to absent, absent to present, or 
present to present (but which increased in magnitude) were all important subsets 
of transcriptional alteration following viral infection compared to mock infec- 
tion. By using Affymetrix-defined comparison mathematical algorithms, differ- 
ential hybridization (between chips) to each cDNA probe was analyzed and 
designated as not changed, increased, marginally increased, decreased, or mar- 
ginally decreased, and a change in expression (n-fold) was calculated. Finally, a 
four-way comparison of both vuiis-mfected replicates to both mock-infected 
replicates at a given time point was assessed, and the mean change (n-fold) was 
calculated and reported along with standard error of the mean. 

A gene was considered upregulated following virus infection if it was present 
in both virus-infected samples and if its expression increased by greater than or 
equal to twofold in each virus-infected sample compared to both mock-infected 
samples. Conversely, a gene was considered downregulated if it was present in 
both mock-infected samples and if its expression was deaeased by greater than 
or equal to twofold in each virus-infected sample compared to both mock- 
infected samples. Genes whose expression changed by less than twofold were not 
considered up- or downregulated. Similarly, in order to ensure the reproducibil- 
ity of the data presented, genes whose expression differed from mock-infected 
samples in only one of the two paired viral chips were not considered up- or 
downregulated. 

To assess the reproducibility of hybridization results, the degree of variability 
in transcriptional expression among mock- and virus-infected replicate condi- 
tions was analyzed. For 99.6% of represented genes, expression was unchanged 
between mock-mock or virus-vuus replicates. Transcriptional differences were 
noted in an average of 0.4% ± 0.1% of the total pool of transcripts between 
replicate conditions, but the genes involved represent a distinct population from 
the genes found to be up- or downregulated compared to vurus-infected to 
mock-mfected cells. The degree of variability in transcriptional expression as a 
function of time was also assessed by comparing differences in gene expression 
between mock mfections following 6,12, and 24 h of culture. A small proportion 
of transcripts were altered in response to duration of cell culture alone (1.2% ± 
0.2% of the total pool). These genes were excluded from subsequent analysis. 

RT-PCR. Reverse franscriptase PCR (RT-PCR) was utilized to confirm 
changes in expression of selected genes as identified by analysis of oligonucleo- 
tide microarrays. For RT-PCR, RNA was extracted from infected and control 
HEK293 cells by using mfection and extraction procedures identical to those 
described above. RNA was converted to cDNA by using the Superscript pre- 
amplification system (Gibco-BRL) with the supplied oligo d(T)i2.iB primer. 
Reverse franscription was performed at 42°C for 1 h. Semiquantitative PCR was 
performed by using primers generated for human DR4 (forward, 5'-CTG AGC 
AAC GCA GAC TCG CTG TCC AC-3'; reverse, 5'-TCC AAG GAC ACG 
GCA GAG CCT GTG CCA T-3'), human DR5 (forward, 5'-GCC TCA TGG 
ACA ATG AGA TAA AGG TGG Cr-3'; reverse, 5'-CCA AAT CTC AAA 
GTA CGC ACA AAC GG-3'), human DCRl (forward, 5'-GAA GAA TTT 
GGT GCC AAT GCC ACT G-3'; reverse, S'-CTC TTG GAC TTG GCT GGG 
AGA TGT G-3'), GADD 34 (U83981) (forward, 5'-ACA CGG AGG AGG 
AGG AAG AT-3'; reverse, 5'-ACA GAG GAG GAA GGC AAG GT-3'), 
Bcl-10 (Ar006288) (forward, 5'-TCC ACA CTT CTC AGG TTG Crr-3'; re- 
verse, 5'-AAT GGG GAA GAA GGA GAG GA-3'), caspase 3 (forward, 
5'-GGT TCA TCC AGT CGC TIT GT-3'; reverse, 5'-AAC CAC CAA CCA 
ACC ATT C-3'; 207-bp product), Par-4 (forward, 5'-CTG AA CAT TTG CAT 
CCC TGT-3'; reverse, 5'ATG AAG CAG GGC AGA AAG AG-3'; 239-bp 



8936 DEBIASI ET AL. J. VIROL. 

product), SMN (U80017) (fonvard, 5'-CCA GAG CGA TGA TGA CA-3'; 
reverse, 5'-TGG GTA AAT GCA ACC GTC TT-3'; 246-bp product), DNA 
polymerase a (L24559) (forward, 5'-TGC TTG ACC TGA TTG CTG TC-3'; 
reverse, 5'-ATG ACG GGA CAA AGA CAA GG-3'; 197-bp product), ParpL 
(AF057160) (forward, 5'-CGC AAG GTC CAG AGA GAA AC-3'; reverse, 
5'-TCC CAG GTT CAC TTC ITT GG-3'; 244-bp product), SRP40 (U30826) 
(forward, 5'-AGA CGA AAT GCT CCA CCT GT-3'; reverse, 5'-CGA GAC 
CTG CTT CTT GAC Cr-3'; 281-bp product), XP-C pl25 (D21089) (forward, 
5'-AGA GCA GGC GAA GAC AAG AG-3'; reverse, 5'-GAT GGA CAG GCC 
AAT AGC AT-3'; 199-bp product), and p-actin (forward, 5'-GAA ACT ACC 
TTC AAC TTC AAC TCC ATC-3'; reverse, 5'-CGA GGC CAG GAT GGA 
GCC GCC-3' (24). PCRs were performed by using serial dilutions of each cDNA 
(1:5, 1:10, and 1:20) to estimate the linear range for each primer pair by inter- 
pretation of band intensity. To avoid saturation of the PCR and maximize the 
ability to detect relative quantitative differences between experimental samples, 
the highest-input cDNA dilution that produced visible PCR products was utilized 
for comparisons of transcript abundance, and PCR cycles were limited to 25. 
RT-PCR for actin was performed in parallel with each PCR of interest for each 
experimental sample (as a control to ensure equal input load of cDNA in each 
reaction). PCR cycle conditions were 94°C for 30 seconds, 55°C for 30 seconds, 
and 72°C for 1 min for 25 (ycles. PCR products were resolved on a 2% agarose- 
ethidium bromide gel run at 100 V for 1 h. Products were visualized by UV 
illumination with Huor-S (Bio-Rad) software imaging. Each reaction was per- 
formed atieast twice in independent experiments to confirm reproducibility. 

Animal infections and immnnohistochemlstiy. Reovirus strain 8B is an e£B- 
ciently myocarditic reovirus that has been previously characterized (74) and has 
been shown to induce apoptotic myocardial injury in neonatal mice (18). Two- 
day-old Swiss-Webster (Taconic) mice were intramuscularly inoculated with 
1,000 PFU of 8B reovirus (20-nJ volume) in the left hind limb. Mock-mfected 
mice received gel saline vehicle moculation (20-|jJ volume; 137 mM NaQ, 
0.2 mM CaQj, 0.8 mM MgOj, 19 mM H3BO3,0.1 mM Na2B407,0.3% gelatm). 
At 1 to 7 days postinfection, mice were sacrificed and hearts were immediately 
immersed in 10% buffered formalin solution. After mounting as transverse 
sections, hearts were embedded in paraffin and sectioned to 6-|jLm thickness. For 
quantification of the degree of myocardial injury, hemato)ylin- and eosin-stained 
midcardiac sections (at least two per heart) were examined at X125 magnifica- 
tion by light microscopy and evaluated for histologic evidence of myocarditis. 

Immunohistochemical analysis of survivin (SMN) expression was carried out 
on identical sections to assess expression over the 7 days following reovirus 
infection. SMN antiserum was produced in New Zealand White rabbits by 
immunization with the amino terminus of the surviving ammo peptide sequence 
(PTLPPAWQPFLKDHRI) linked to keyhole limpet hemocyanin by the method 
of Ambrosisni. Immunoglobulins from the rabbit before irmnunization were 
purified by affinity chromatography with protein A (Pierce, Rockford, III). West- 
em blot analysis against total protein extract from HeLa cells showed reactivity 
with a smgle band of protein of approximately 16.5 kDa—consistent with the 
expected molecular mass. Western blotting with preimmune serum showed no 
immunoreactivity. Slides were deparaffinized through xylene and rehydrated 
through a graded alcohol series. Endogenous peroxidase was blocked with 3% 
hydrogen peroxide for 15 min. Antigen retrieval was performed with a 0.1 M 
citrate buffer for 10 min at 120°C. Primary antibody was diluted to 1.8 ng/fil in 
PBS (pH 7.4) with 1% bovine serum albumin applied to sections and incubated 
in a humidity chamber overnight at 4''C. Following three washes m PBS for 5 min 
each, incubation in secondary antibody labeled with polymer-linked horseradish 
peroxidase (Envision -t-; Dako, Carpinteria, Calif.) was carried out for 30 min 
at room temperature in a humidity chamber. Following three washes in PBS, 
sections were developed with 3'-diaminobenzidine (Dako) and counterstained 
with hematoxylin. Negative controls were performed by substitution with the 
preimmune immunoglobulin from the same rabbit. Positive control consisted of 
a colon carcinoma section that has been extensively studied in our laboratory and 
which shows strong staining that is consistently reproducible in this tissue. 

RESULTS 

Global analysis of gene expression following reovirus infec- 
tion. At 6, 12, and 24 h postinfection, transcriptional expres- 
sion of eacli of 12,000 genes present on the HU95A microarray 
was compared for each pair of T3A (strongly apoptosis induc- 
ing [APO-t-]) virus-infected and mock-infected arrays. Similar 
analysis was carried out at 24 h postinfection for each pair of 
TIL (weakly apoptosis-inducing [APO—]) virus-infected and 

mock-infected arrays. The subset of genes that were transcrip- 
tionally altered following T3A (APO+) infection compared to 
mock infection was determined. This subset of genes was also 
compared to those genes that were differentially expressed 
following TIL (APO—) infection compared to mock infection. 
At 6 h post-T3A (APO+) infection, expression of 18 genes 
(0.2% of the total genes present on the array) was altered 
(all with increased expression) by twofold or greater in T3A 
(APO+)-infected cells compared to mock-infected cells. By 
12 h post-T3A (APO+) infection, expression of 86 genes 
(0.7%) was altered (29 genes with increased expression and 57 
genes with decreased expression) in virus-infected compared 
to mock-infected cells. By 24 h post-T3A (APO+) infection, 
expression of 309 genes (2.6%) was altered (215 with increased 
expression and 94 with decreased expression) in virus-infected 
compared to mock-infected cells. In contrast, at 24 h post-TlL 
(APO-) infection, expression of only 59 genes (0.4%) was 
altered (45 with increased expression and 14 with decreased 
expression) in virus-infected compared to mock-infected cells. 
A complete Hsting of all genes with twofold or greater changes 
in expression following T3A and TIL infection is available 
online at http:/Avww.uchsc.edu/sm/neuro/tylerlab/personnel 
/completelisting.pdf When categorized into functionally re- 
lated families, a large number of differentially expressed genes 
follovdng T3A (APO-I-) infection were noted to encode pro- 
teins involved in apoptosis (Table 1) and DNA repair (Table 
2). These genes were not differentially expressed following TIL 
(APO-) infection [with the exception of iive genes in common 
between T3A (APO-f) and TIL (APO-)], indicating that 
these changes in gene expression likely correlate with differ- 
ences in virus-induced pathogenicity rather than resulting from 
nonspecific cellular responses to viral infection. 

Reovirus-induced alteration in expression of genes involved 
in apoptosis. Expression of 24 geiies related to the regulation 
of apoptosis was altered in T3A (APO-I-) reovirus-infected 
cells. These genes encode proteins that participate in apo- 
ptotic signaling involving death receptors, endoplasmic re- 
ticulum (ER) stress, mitochondrial signaling, and cysteine 
proteases (Table 1). For 22 of these 24 genes, significant al- 
teration (>2-fold) in expression was not apparent until 24 h 
postinfection. Only five of these genes were also differentially 
expressed following TIL (APO-) infection. 

Altered expression of genes involved in death receptor sig- 
naling pathways. We have previously shown that members of 
the TNF receptor superfamily of cell surface death receptors, 
including DR4, DR5, and their apoptosis-inducing Ugand, 
TRAIL, play a critical role in reovirus-induced apoptosis (11, 
12). We wished to determine whether alterations in expression 
levels of genes encoding these proteins were altered following 
reoviral infection. Using oligonucleotide microarrays, we did 
not detect significant changes in gene expression of TRAIL or 
the death receptors DR5, decoy receptor 1 (DcR-1), or DcR-2 
at 6,12, and 24 h postinfection in reovirus-infected cells com- 
pared to mock-infected controls (Table 3). DR4 was not rep- 
resented on the U95 A microarray. Expression of genes encod- 
ing other important members of the TNF receptor superfamily 
and their ligands was also unchanged in reovirus-infected cells 
including Fas, Fas ligand, TNF-a, TNF-p, and TNF receptor 
and TNF receptor-related protein (Table 3). 

We performed additional analysis of death receptor-related 
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TABLE 1. Reovirus-induced alteration in expression of genes encoding proteins known to regulate apoptotic signaling 

Gene 
GenBank 
accession 

no." 

Oiange in expression (n-fold)' at the indicated time (li) 
after infection with: 

T3A 

12 24 

TIL 

24 

Mitochondrial signaling 
Pim-2 proto-oncogene homologue 
MCLl 
BAG 15El-cytochrome C oxidase polypeptide 
Par-4 
HSP-70 (heat shock protein 70 testis variant) 
BNIP-1 (BCI^2 interacting protein) 
SMN/Bt4)44/NAIP (survival motor neuron/neuronal 

apoptosis inhibitor protein) 
DRAK-2 
SIP-1 
DPS 

ER stress-induced signaling 
ORP150 
GADD34 
GADD 45 

Death receptor signaling 
Bcl-10 
PMI^2 
Ceramide glucosyltransferase 
SplOO 

U77735 
L08246 
AL021546 
U63809 
D85730 
U15172 
U80017 

AB0n421 
AF027150 
D83699 

U65785 
U83981 
M60974 

AJ006288 
M79463 
D50840 
M60618 

6.8 ± 0.2 
3.3 ± 0.2 

-2.2 ± 0.1 
2.0 ± 0.0 
2.1 ± 0.0 
2.1 ± 0.0 
2.2 ± 0.1 
2.3 ± 0.2 
2.5 ± 0.1 

2.8 ± 0.2 
3.0 ± 0.2 
5.5 ± 1.1 

-2.4 ± 0.2 
3.7 ± 0.2 
4.9 ± 0.1 

5.6 ± 1.1 
3.4 ± 0.3 
4.0 ± 1.2 
6.5 ± 0.3 
5.8 ± 0.6 

2.2 ± 0.0 

2.9 ± 0.2 
4.4 ± 0.1 

Proteases 
Calpain (calcium-activated neutral protease) 
Beta-4 adducm 
Caspase 7 (lice-2 beta cysteine protease) 
Caspase 3 (CPP32) 

Undefined 
Frizzled related protein 
TCBP (T cluster binding protein) 
Cug-BP/hNAb50 RNA bmding protein 

X04366 
U43959 
U67319 
U13737 

AF056087 
D64015 
U63289 

-2.6 ± 0.1 
-2.1 ± 0.1 
2.6 ± 0.2 
3.2 ± 0.2 

-2.5 ± 0.1 
3.3 ± 0.2 
6.6 ± LI 

2.8 ± 0.1 

-3.3 ± 0.5 

° GenBank accession number corresponds to sequence from which the A%metrix U95A probe set was designed. 
' Data are means ± standard errors of the means. 

gene expression, including DR4, DR5, DcR-1, and DcR-2 fol- 
lowing T3A (APO-I-) infection by RT-PCR (Fig. 1). DR4 ex- 
pression was increased at 12 and 24 h post-T3A infection 
compared to mock infection. In contrast, expression of DR5 
was unchanged following T3A infection, thus confirming re- 
sults obtained from microarray analysis. DcR-1 transcripts 
were not detectable in either mock- or T3A-infected cells. 
DcR-2 expression appeared to be decreased at 24 h post-T3A 
infection compared to mock-infected cells in this RT-PCR 
analysis. However, consistent with the microarray results, this 
decrease was not seen in RNase protection assays (data not 
shown). 

Microarray analysis also revealed differential expression of 
four genes that encode proteins that may be involved in mod- 
ulation of death receptor-associated signaling cascades in T3A 
(APO-f-)-infected cells at 24 h postinfection: PML-2, ceramide 
glucosyltransferase, Bcl-10, and SplOO were increased 3.4 ± 
0.3-, 4.0 ± 1.2-, 5.6 ± 1.1-, and 6.1 ± 0.5-fold, respectively. We 
used RT-PCR to confirm the upregulated expression of 
BCL-10 at 24 h post-T3A (APO+) infection (Fig. 1). Taken 
together, these results suggest that, with the exception of DR4 

TABLE 2. Reovirus-induced alteration in expression of genes 
encoding proteins known to be involved in DNA repair 

Gene 

Change in expression (n-fold)' at 
the indicated time (h) after 

GenBank infection with: 
accession     ■■  

no." T3A TIL 

12 24 24 

DNA Ugase 1 M36067 -8.2 ± 1.1 
FARPL AF057160 -6.3 ± 0.7 
XP-C repair complement- D21089 -3.4 ± 0.1 

ing protein (pl25) 
DNA polymerase gamma U60325 -1.9 + 0.1 -2.9 ± 0.1 
ERCC5 L20046 -2.7 ± 0.1 
DNA polymerase alpha L24559 -2.5 ± 0.2 
HLP (helicase-Iike protein) U09877 -2.4 ± 0.1 
GTBP U28946 -2.0 ± 0.1 -2.1 ± 0.0 
DDB2 (p48 subunit) U18300 -2.0 + 0.0 

■RAD 54 homologue X97795 -2.0 ± 0.1 
Mi2 autoantigen X86691 -1.3 ± 0.1 -2.0 ± 0.1 
MMS2 AF049140 2.1 + 0.0 
Rad-51-interacting protein AF006259 2.6 ± 0.2 
Rec-1 AF084513 2.4 ± 0.4 

" GenBank accession number corresponds to sequence from which the Affy- 
metrix U95A probe set was designed. 

* Data are means ± standard errors of the means. 
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TABLE 3. Genes encoding proteins known to be involved in 
apoptotic signaling which were not differentially expressed 

following reovirus T3A or TIL infection 

Gene GenBank accession no.° 

Death receptor signaling 
TRAIL U37518 
DR5 (TRAII^R2) AF014794 
Decoy receptor 1 (TRAILERS) AF014794 
Decoy receptor 2 AF029761 
TNF M16441 
TNF-a X02910 
TNF-p D12614 
TNF receptor M58286 
TNF receptor 2-related protein L04270 
Fas (Apo-l/CD95) X83490, X83492, Z70519, 

X82279, X63717 
Fas ligand (FasL) 011821, D38122 

Mitochondrial signaling 
Bcl-2 M13994, M14745', M13995'' 
BAX alpha L22473 
BAX beta I,?,?474 
BAX gamma T.77475* 
BAX delta U19599 

Proteases 
Caspase 2 (Ich-1) 013021," U13022" 
Caspase 9 (Mch-6) 060521" 
Caspase 4 (ICErel-D) 028014 
Caspase 5 (ICErel-III) 028015 
Caspase 6 (Mch2)-isoform alpha 020536 
Caspase 8 (MACH-alpha 1, X98172, X98176, X98175 

MACH-beta 1, MACH-beta 2) 
Caspase 10 (Mch4) 060519 

" GenBank accession number corresponds to sequence from which the A%- 
metrix U95A probe set was designed. Multiple accession numbers are noted for 
multiple representations of a particular gene (unique probe sets) on the U95A 
microarray. 

* Indicates multiple representations of a particular gene derived from the same 
GenBank sequence. 

and DcR-2, changes in death receptor and ligand gene expres- 
sion are unlikely to play a critical role in reovirus-induced 
apoptosis. However, transcriptional alterations in genes encod- 
ing proteins that modulate death receptor signaling may play a 
role in reovirus-induced apoptosis. 

Altered expression of genes involved in mitochondrial sig- 
naling pathways. Mitochondrial pathways play an important 
role in reovirus-induced apoptosis in HEK293 cells (43, 44). 
Following reovirus infection, both cytochrome c and Smac/ 
DIABLO are released from mitochondria and trigger the ac- 
tivation of caspase 9 as well as the degradation of inhibitors of 
apoptosis (43, 44). Reovirus-induced apoptosis in MDCK and 
HEK293 cells is inhibited by stable overexpression of Bcl-2 (43, 
44, 69), which is consistent with a significant role for the mi- 
tochondrial apoptosis pathway during reovirus infection. 

Among genes whose expression was altered in T3A (APO+)- 
infected cells were 10 genes encoding proteins invoked in mito- 
chondrial signaling. This group included genes encoding a nimi- 
ber of proteins known to interact with Bcl-2, including SMN, 
whose ejqiression was increased 25 ± 0.1-fold, and SMN-inter- 
acting protein 1 (SIP-1), whose expression was increased 3.0 ± 
0.2-fold. Expression of genes encoding several other Bcl-2-inter- 
acting proteins included the Bcl-2 family member MCL-1, pros- 
tate apoptosis response 4 (Par-4), DAP Idnase-related apoptosis- 
inducing protein kinase 2 (DRAK-2), neuronal death protein 5 
(DP-5), and Bcl-2-interacting protein 1 (BNIP-1), each of which 
were upregulated two- to sixfold following T3A (APO+) infec- 

tion (Table 1). With the exception of MCL-1, ejqpression of these 
genes was unaltered following TIL (APO-) infection. Bcl-2 itself 
was not differentially expressed in virus-infected cells, nor was the 
proapoptotic Bcl-2 family member BAX (Table 3). 

We used RT-PCR to confirm changes in the expression of 
selected genes involved in mitochondrial signaling and inter- 
action with Bcl-2 (Fig. 2). We found that the expression of 
SMN was increased at 24 h post-T3A (APO-I-) infection but 
not at earlier time points. Expression of Par-4 was increased at 
12 and 24 h post-T3A (APO+) infection, thus confirming re- 
sults obtained with oligonucleotide arrays. 

These results add to previous data demonstrating that Bcl-2 
plays an important regulatory role in reovirus-induced apopto- 
sis by revealing a complex interplay of Bcl-2 regulatory factors 
at the transcriptional level in T3A (APO-l-)-infected cells. 

Altered expression of genes involved in ER stress pathways. 
In addition to death receptor and mitochondrial pathways of 
apoptosis, stress signals originating in the Golgi apparatus and 
ER can also trigger apoptosis (79, 86). Viral proteins are po- 
tent inducers of ER stress responses (7, 22, 64). Three genes 
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DcR-1 

DcR-2 
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FIG. 1. Expression of genes related to death receptor-mediated 

apoptotic signaling is altered following reovirus T3A infection. HEK293 
cells were either mock (-) or T3A (+) infected at an MOI of 100 PFU 
per cell. mRNA was collected at 6, 12, and 24 h postinfection and 
analyzed by semiquantitative RT-PCR for expression of selected tran- 
scripts encoding proteins involved in death receptor-mediatpd apopto- 
tic signaling. "    '' 
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FIG. 2. Expression of genes related to mitochondrion-, ER stress-, and protease-mediated apoptotic signaling is altered following reovirus T3A 
infection. HEK293 cells were either mock (-) or T3A (+) infected at an MOI of 100 PFU per cell. mRNA was collected at 6, 12, and 24 h 
postinfection and analyzed by semiquantitative RT-PCR for expression of selected transcripts encoding proteins involved in mitochondrial (SMN 
and Par-4) and ER stress (GADD 34)-mediated apoptotic signaling as well as for caspase 3, a cysteine protease involved in apoptosis. 

encoding proteins that are potentially involved in ER stress- 
related responses were differentially expressed following both 
T3A (APO-f) and TIL (APO-) infection (Table 1). Two of 
these genes encode growth arrest and DNA damage (GADD)- 
inducible proteins GADD 34 and GADD 45. Alterations in the 
expression of these genes were among the earliest changes in 
gene expression detected in T3A (APO+)-infected cells. The 
increased expression of GADD 45 following reovirus infection 
has been discussed previously in terms of its role in reovirus- 
induced cell cycle regulation (65). Expression of GADD 34 was 
increased 6.8 ± 0.2-fold as early as 6 h post-T3A (APO+) 
infection. This was the largest increase in expression found for 
any apoptosis-related gene at any time following infection. 
Eqjression remained increased at 24 h postinfection, although 
the magnitude of the increase declined (3.7 ± 0.2-fold). Ex- 
pression of GADD 34 and GADD 45 was also upregulated at 
24 h post-TlL (APO-) infection—by 2.9 ± 0.2-fold and 4.4 + 
0.1-fold, respectively. In order to confirm the increased expres- 
sion of GADD 34 detected by using oligonucleotide arrays, we 
performed RT-PCR on reovirus-infected HEK293 cells by us- 
ing GADD 34-specific primers. GADD 34 transcripts were 
increased at 12 and 24 h post-T3A (APO+) infection com- 
pared to mock infection (Fig. 2), thus coniirming microarray 
results. In addition to transcriptional upregulation of genes 
encoding GADD proteins, transcripts for ORP150—an ER 
resident protein involved in the misfolded protein rescue re- 
sponse—were downregulated by 2.4 ± 0.2-fold following T3A 
(APO+)—not TIL (APO - )—infection. 

These results suggest that ER stress-induced apoptotic sig- 
naling may play a role in reovirus infection. However, the fact 
that altered expression in GADD genes occurred following 
both TIL (APO-) and T3A (APO+) infection (although at 
lower levels in TIL [APO-] infection) suggests that these 
pathways may play a less-critical role in determining virus- 

induced apoptotic injury and rather are activated as a nonspe- 
cific cellular response to reoviral infection. 

Altered expression of genes encoding cysteine proteases. 
Initiation of apoptosis through death receptor, mitochondrial, 
or ER and Golgi pathways results in the activation of specific 
initiator caspases. These caspases in turn activate additional 
caspases, culminating in the activation of effector caspases. 
Effector caspases, exemplified by caspases 3 and 7, act on 
substrates, including laminins and the caspase-activated DNase 
responsible for inducing the morphological features of apopto- 
sis in target cells (28). Caspases 3, 8, and 9 are activated in 
reovirus-infected cells, and inhibition of ca^ase activation in- 
hibits apoptosis (43). 

Expression of genes encoding the effector caspases 3 and 7 
were increased at 24 h follovnng T3A (APO+) reovirus infec- 
tion but not at earlier time points, consistent with their role as 
downstream effector caspases that are activated at the termi- 
nus of caspase cascades. Caspase 7 expression was increased 
2.6 ± 0.2-fold, and that of caspase 3 was increased 3.2 ± 0.2- 
fold (Table 1). Caspase 3 expression was also increased at 24 h 
post-TIL (APO-) infection at lower levels (2.8 + 0.1-fold). 
Expression of genes encoding other caspases was not signifi- 
cantly altered following reovirus infection, including that of 
caspases 2, 4, 5, 6, 8, 9, and 10 (Table 3). Caspases 11,12,13, 
and 14 were not represented on the U95A microarray. 

Because of the importance and central role of caspase 3 as 
a common effector in death receptor, mitochondrial, and ER 
and Golgi apoptotic signaling pathways, we wished to confirm 
the increased expression of this gene by using RT-PCR. Cas- 
pase 3 expression was increased over expression levels in 
mock-infected cells at 24 h post-T3A (APO+) infection (Fig. 
2), thus confirming results obtained via oligonucleotide micro- 
arrays. Although not detected by microarray analysis, caspase 
3 expression was noted to be decreased at 12 h post-T3A 
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(APO+) infection, preceding the increase seen at 24 h postin- 
fection. 

These results suggest that although caspase activity is clearly 
modulated at the protein level following reovirus infection, 
transcriptional upregulation of genes encoding effector cas- 
pases may also play a role in effecting reovirus-induced apo- 
ptotic injury. The fact that caspase 3 transcripts were noted to 
initially decrease at 12 h postinfection and then increase at 24 h 
postinfection indicates that transcriptional regulation is likely a 
complex and dynamic process that is tightly linked to rapid 
changes in caspase protein levels and states within infected 
cells. 

Reovirus-induced alteration in expression of genes related 
to DNA repair. DNA damage is one of the basic stimuli that 
induces apoptosis. Cells have evolved complex mechanisms for 
sensing both single-strand and double-strand DNA breaks and 
initiating their repair (67). Ejqjression of 14 genes encoding 
multiple classes of DNA repair enzymes was altered in T3A 
(APO+)-infected cells (Table 2). For 9 of these 14 genes, 
significant alteration (>2-fold) in expression was not apparent 
until 24 h postinfection, and 11 of these 14 alterations repre- 
sented downregulation of expression. Transcription of DNA 
repair genes was not altered following TIL (APO-) infection. 
This global transcriptional downregulation of multiple classes 
of DNA repair enzymes following T3A (APO+) infection, 
which ranged from two- to eightfold, has not previously been 
appreciated. 

Among downregulated DNA repair enzymes, expression of 
poly(ADP-ribosyl)-transferase (PARPL) was decreased 6.3 ± 
0.7-fold, XP-C repair complementing protein 125 was de- 
creased 3.4 ± 0.1-fold, and DNA polymerase a was decreased 
2.5 ± 0.2-fold compared to expression levels in mock- or TIL- 
infected cells. We used RT-PCR to confirm transcriptional 
alterations following T3A (APO+) infection compared to 
mock and TIL (APO-) infection in these three DNA-repair 
enzymes (Fig. 3). Transcripts for XP-C and DNA polymerase 
a were decreased at 12 and 24 h post-T3A (APO+) infection, 
and PARPL was dovmregulated at 24 h post-T3A (APO+) 
infection, thus confirming the decreases in expression detected 
by microarray analysis. In contrast, in TIL (APO-)-infected 
cells, transcripts for PARPL were unchanged, transcripts for 
XPC were only minimally decreased (much less so than the 
dramatic reductions seen in T3A [APO+]-infected cells), and 
transcripts for DNA polymerase a were increased. 

These results suggest that, as well as directly stimulating 
proapoptotic signaling pathways, T3A (APO+) reovirus infec- 
tion may also facilitate apoptosis by dowmegulating the host 
cell's transcription of genes encoding proteins that have the 
capacity to repair DNA damage. 

Translation of microarray data into tlie in vivo model of 
reovirus-induced myocarditis. Although changes in mRNA 
levels do not necessarily represent changes in protein expres- 
sion, we next investigated whether previously unrecognized 
changes in gene expression identified by microarray analysis of 
reovirus-infected cells in vitro could be directly translated into 
delineation of pathogenic mechanisms of reovirus-induced apo- 
ptosis in vivo. Specifically, we wished to determine if an ob- 
served alteration in gene expression would be predictive of 
changes in expression of the relevant protein in a model of 
reovirus-induced tissue injury characterized by apoptosis. To 
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FIG. 3. Genes encoding DNA repair proteins are differentially ex- 
pressed following reovirus infection. HEK293 cells were either mock 
(-) or T3A (+) infected at an MOI of 100 PFU per cell, and mRNA 
was collected at 6,12, and 24 h postinfection. HEK293 cells were also 
infected with TIL at an MOI of .100 PFU per cell, with mRNA col- 
lected at 24 h postinfection. Samples were analyzed by semiquantita- 
tive RT-PCR for expression of selected transcripts encoding proteins 
important for DNA repair. 

this end, we analyzed murine myocardial tissue following reo- 
virus strain 8B infection, since 8B is efSciently myocarditic in 
neonatal mice (74), and we have previously shown that apo- 
ptosis is an important component of myocardial tissue injury 
following 8B infection (18). 

Altered expression of genes encoding Bcl-2 regulatory pro- 
teins (which have an impact on mitochondrial apoptotic sig- 
naling) were among the most abundant changes detected by 
microarray analysis. We selected one of these Bcl-2 regulatory 
proteins, SMN, for analysis in vivo, since transcripts for SMN 
were noted to be selectively increased at 24 h following infec- 
tion with the apoptosis-inducing strain in the microarray ex- 
periment, and this result was confirmed by RT-PCR. We there- 
fore analyzed myocardial tissues from reovirus SB-infected 
mice by immunohistochemistiy on days 1 to 7 postinfection for 
expression of SMN in relation to histologic evidence of virus- 
induced apoptotic tissue damage. SMN was maximally ex- 
pressed within myocardial lesions in temporal and spatial con- 
cordance with histologically detectable apoptotic myocardial 
injury on days 7 and 8 postinfection (Fig. 4). SMN was not 
detected in myocardial tissue without evidence of apoptotic 
myocardial injury on days 1, 3, and 5 postinfection, nor was 
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FIG. 4. SMN expression is increased in reovirus 8B-infected myocardial tissues, coincident witli myocardial apoptotic injury. Neonatal 
Swiss-Webster mice were intramuscularly infected with 1,000 PFU of 8B virus. Myocardial tissues were analyzed on days 1 to 7 postinfection for 
histologic evidence of myocarditis as well as for expression of SMN by immunohistochemistiy, since We have previously shown that apoptotic 
myocardial injury is detected at 7 days postinfection in this model. SMN protein was detected (brOwn stain) in infected myocardial tissue beginning 
on day 7 postinfection (at the time that histologic evidence of myocarditis was detected, within discrete myocardial lesions). Neither SMN nor 
evidence of myocardial injury was detected at earlier time points postinfection, as demonstrated on days 3 and 5 postinfection. Original 
magnification, X40. 

it detected in tissues from mock-infected animals. The signif- 
icance of SMN upregulation within injured myocardial tissue is 
being investigated further. However, these results illustrate 
that microarray analysis of transcriptional changes following 
reovirus infection may provide a useful springboard toward the 
delineation of critical virus-induced pathogenic signaling path- 
ways that are operative at the protein level. 

DISCUSSION 

Transcriptional changes related to apoptosis. Using high- 
throughput microarray analysis, we now demonstrate that re- 
ovirus infection is associated vnth differential expression of 
genes encoding proteins that participate in apoptotic signaling, 
including death receptor-, mitochondrion-, and ER stress-me- 
diated pathways as well as DNA repair. These results represent 

the first large-scale description of virus-induced alterations in 
apoptotic signaling at the transcriptional level, including the 
kinetics of these changes following infection with viral strains 
that differ in apoptosis-inducing phenotype. The fact that the 
majority of these alterations occurred preferentially in T3A 
(APO+)- and not TIL (APO-)-infected cells suggests that 
interpretation of these alterations may provide important in- 
sight into critical mechanisms of reovirus-induced pathogene- 
sis. 

Microarray analysis has been increasingly utilized to inves- 
tigate global transcriptional alterations following viral infec- 
tion of many types, including human immunodeficiency virus 
(20, 83), herpesviruses (i.e., herpes simplex virus, varicella- 
zoster virus, Epstein-Barr virus, cytomegalovirus, and Kaposi's 
sarcoma-associated herpesvirus) (10, 29, 36, 39, 90, 93), rota- 
virus (17), Sindbis virus (38), hepatitis B (32) and C (5) viruses. 
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FIG. 5. Schematic of mitochondrion- and death receptor-related 
transcriptional alterations detected by microarray analysis following 
reovirus infection. Transcripts that were differentially expressed in 
HEK293 cells followmg reovirus infection compared to mock infection 
are indicated in boldface type. Please see Discussion for details of each 
indicated transcript. 

measles virus (8), influenza virus (23), enterovirus (63), and 
papillomavirus (55). Although several groups have reported 
isolated alterations in transcription of genes related to apopto- 
tic signaling following viral infection, none of these studies was 
specifically designed to understand the Specific pathogenic 
mechanisms by which apoptosis-inducing vuiises inflict dam- 
age on infected cells. In a comparison of two strains of Sindbis 
virus that differed in neurovirulence, differential transcrip- 
tional alteration of several genes related to mitochondrial apo- 
ptotic signaling was noted, including Bcl-2 family members 
mcl-1, bfl-1, and PBR (38). Transcriptional alteration of genes 
related to mitochondrial apoptotic signaling, including cyto- 
chrome c and inhibitors of apoptosis was also reported follow- 
ing rotavirus infection of caco-2 cells (17). Altered transcripts 
for several members of death receptor-mediated signaling 
pathways were reported following hepatitis C infection of 
hepatocytes (5), including TRAIL, TNF-R, and Fas. Likewise, 
TRAIL and Fas transcripts were altered in a study of papillo- 
mavirus infection of cervical keratinocytes (55). Altered tran- 
scripts for caspase 8 and TRAF4, known to be involved m 
death receptor signaling, have also been reported following 
varicella-zoster virus infection of skin fibroblasts (39). In ad- 
dition to these alterations, several groups have noted transcrip- 
tional alteration in genes encoding serpins, which are known to 
inhibit caspases (17, 39). Transcripts for NF-KB and c-Jun— 
which have been linked to apoptotic signaling pathways—^have 
also been altered following several types of viral infection. 

Our study is the first that was specifically designed to dissect 
virus-induced alteration in apoptosis-related transcription and 
the first to report alteration in coordinated groups of genes 
with relevance to several major apoptotic signaling pathways, 
as well as being the first to mention global (or even isolated) 
downregulation of DNA repair gene transcripts following viral 
infection. The potential implications of identified transcrip- 

tional alterations are discussed in further detail below. Sche- 
matics that summarize the apoptosis-related transcriptional 
changes identified following reovirus infection are depicted in 
Fig. 5 (mitochondrial and death receptor signaling) and Fig. 6 
(ER stress and death receptor signaling) for reference in this 
discussion. 

Death receptor pathways. Members of the TNF receptor 
superfamily of cell surface death receptors—specifically DR4, 
DR5 and their apoptosis-inducing Ugand, TRAIL—^play a crit- 
ical role in reovirus-induced apoptosis in HEK293 cells (11). 
We did not detect significant alteration in the expression of any 
TNF receptor superfamily members or their ligands by mi- 
croarray analysis, but we did detect upregulation of transcripts 
for DR4 and downregulation of the decoy receptor DcR-2 by 
RT-PCR. This suggests, with the possible exception of DR4 
and DcR-2, that reovirus activation of death receptor pathways 
does not involve changes in gene expression but rather occurs 
predominantly at the protein level. However, microarray anal- 
ysis did detect alteration in the expression of genes encoding 
BCL-10, PML-2, and ceramide glucosyltransferase. The pro- 
teins encoded by these genes can modulate death receptor 
signalmg, suggesting that reovirus-induced alterations in ex- 
pression of these genes might influence death receptor signal- 
ing cascades. 

Bcl-10 (derived from B-cell malt lymphomas) binds to 
TRAF2, a key accessory mediator of TNF-R signaling (78,91). 
This bindmg can perhirb TRAF-related activation of mitogen- 
activated protein kmases (MAPK), including JNK, and can 
mduce the activation of the transcription factor NF-KB (25,76, 
78, 87, 91, 92). Bcl-10 contauis a caspase activation and re- 
cruitment domain and can bind to procaspase-9, thereby pro- 
moting its autoproteolytic activation (45, 76, 92). Overexpres- 
sion of Bcl-10 induces apoptosis in a variety of cells, including 
HEK293 cells (92), and it may provide a potential link between 
the capacity of reoviruses to activate JNK cascades, activate 
the transcription factor NF-KB, and induce apoptosis. PML-2 
(encoded by the acute promyeloqrtic leukemia gene) has been 
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FIG. 6. Schematic of ER stress-related transcriptional alterations 
detected by microarray analysis following reovirus infection. Tran- 
scripts that were differentially expressed in HEK293 cells following 
reovirus infection compared to mock infection are indicated in bold- 
face type. Please see Discussion for details of each indicated transcript. 
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shown to enhance activation of death receptor-mediated path- 
ways involving Fas-Fas ligand and TNF and TNF-R (84, 85), 
suggesting the possibility that it could also potentiate signaling 
through DR4 and DR5. The mechanism of action of PML is 
imclear but appears to involve the activation of effector cas- 
pases, including Caspase 3 (85). Ceramide has been implicated 
as an important signaling intermediary involved in both Fas- 
Fas ligand-mediated apoptosis and activation of MAPK cas- 
cades (27,56, 62) Although expression of genes encoding cer- 
amide synthesis were not altered in infected cells, the gene 
encoding ceramide glucosyltransferase was upregulated. This 
en2yme catalyzes the initial glycosylation step in glycosphmgo- 
lipid synthesis to produce glucosylceramide, and its upregula- 
tion could potentially enhance ceramide signaling. 

Bcl-2 and mitochondrial signaling pathways. Pro- and anti- 
apoptotic members of the Bcl-2 family interact at the surface of 
the mitochondria, where complex homo- and heterodimeric 
interactions regulate release of proapoptotic molecules includ- 
ing cytochrome c, Smac/DIABLO, and apoptosis-inducing fac- 
tor (28). Reovirus infection is associated with release of cyto- 
chrome c from the mitochondria into the (ytoplasm and with 
activation of caspase 9 (43). Stable overexpression of the anti- 
apoptotic molecule Bcl-2 inhibits reovirus-induced apoptosis 
in both MDCK (69) and HEK293 cells (43,44). These results 
suggest that, in order to induce apoptosis, reovirus must over- 
come the antiapoptotic effects of Bcl-2 and related family 
members in order to activate mitochondrial apoptotic path- 
ways. 

Genes encoding several proteins that inhibit the activity of 
Bcl-2 and therefore facilitate apoptosis were found to be up- 
regulated in reovirus-infected cells. These included Par-4, 
DRAK-2, DPS, and BNIP-1. Par-4 was initially identified in 
prostate tumor cells undergoing apoptosis but is widely ex- 
pressed in human tissues (50). Although the exact mechanism 
of action of Par-4 is not known, it can facilitate apoptosis by 
suppression of Bcl-2 expression, mhibition of NF-KB activa- 
tion, and activation of caspase 8 (2, 9, 21). DRAK-2 is a 
member of a novel family of nuclear serine-threonine kinases 
that can induce apoptosis (72). These kinases are known to 
associate with Par-4, and coexpression of Par-4 and the Zip 
kinase (42) (related to DRAK-2) enhances apoptosis (60). 
DP-5 (a death-promoting gene) contains a BID domain that 
allows it to interact with Bcl-2 family proteins. Overexpression 
of DP5 induces apoptosis in a variety of cells (33, 34). DPS 
activation is linked with calcium release from ER stores, sug- 
gesting that DP-S may play a role as a link between ER stress- 
induced and mitochondrial apoptotic pathways (33). BNIP-1 is 
a member of a novel BH3 domain-containing protein family 
that interacts with both Bcl-2 and Bcl-xL to inhibit then- anti- 
apoptotic actions, thereby enhancing apoptosis induction (49). 

In addition to the upregulation of transcripts encoding Bcl- 
2-inhibitory proteins, downregulation of transcripts encoding 
proteins that promote Bcl-2 activity could contribute to pro- 
motion of apoptosis following reovirus infection. Pirn 2 proto- 
oncogene homologue is a serine-threonine kinase that is highly 
expressed in a variety of tissues that may play an antiapoptotic 
role by enhancing Bcl-2 expression (3,75). It is one of the few 
apoptosis regulatory genes that was downregulated following 
reovirus infection. Since the Pirn 2 gene product enhances 
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FIG. 7. Transcriptional regulation of Bcl-2 modulatoiy proteins is a 
central theme in reovirus-induced apoptosis. Expression of eight tran- 
scripts encoding proteins known to influence Bcl-2 activity was altered 
following reovirus infection. The predicted result of the observed tran- 
scriptional alterations would be net inhibition of Bcl-2, and thus pro- 
motion of apoptosis, in reovirus-infected cells. Please see Discussion 
for details of each indicated transcript. 

Bcl-2 expression, its downregulation might reduce levels of 
Bcl-2 in infected cells and thereby enhance apoptosis. 

In parallel with these transcriptional alterations with ex- 
pected anti-Bcl-2 implications, alterations were also noted in 
expression of transcripts encoding proteins expected to pro- 
mote the action of Bcl-2 and block apoptosis. Genes encoding 
two proteins that may act as positive modulators of Bcl-2— 
SMN and SIP—were found to be upregulated following reo- 
virus infection. SMN interacts with Bcl-2 to enhance its anti- 
apoptotic activity (35). SIP-1 mteracts with SMN to form a 
heterodimeric complex (22a). Coexpression of SMN and Bcl-2 
provides a synergistic protective effect against Bax-induced or 
Fas-mediated apoptosis (35, 73). Expression of the gene en- 
coding the Bcl-2 family member MCI^l was also upregulated 
following reovkus infection. MCI^l may exert either pro- or 
antiapoptotic activity by modulation of the activity of Bcl-2 or 
by acting independently (6). 

Taken together, these results suggest a model in which reo- 
virus infection is associated with the altered expression of mul- 
tiple modulators of Bcl-2 in mfected host cells, with the bal- 
ance tipped toward genes encoding proteins that would be 
predicted to inhibit Bcl-2 activity and thereby promote apo- 
ptosis (Fig. 7). Although changes in mRNA levels do not nec- 
essarily predict changes in protein expression, we demon- 
strated that at least one of these proteins, SMN, is altered m 
vivo in a biologically relevant model of reovirus infection, in 
close temporal and spatial association with evidence of vunis- 
induced apoptotic myocardial tissue injury. 

In addition to the modulatory struggle at the Bcl-2 level, 
alteration of a transcript encoding a protein with a separate 
role in mitochondrial apoptotic signaling was detected. HSP-70 
homologue expression was increased following reovirus mfec- 
tion. HSP-70 is an antiapoptotic chaperone protein (52) that 
inhibits mitochondrial release of cytochrome c and blocks the 
recruitment of procaspase 9 to the apoptosome complex (4,47, 
71). Although the cellular actions of HSP-70 are predomi- 
nantly antiapoptotic, the protein also plays a role during reo- 
virus replication in facilitating the trimerization of the reovirus 
o-l protein (46). Smce this protein is a critical determinant of 
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reovirus apoptosis and reovirus-induced activation of specific 
MAPK sign^ing cascades (13), HSP-70 homologue may also 
facilitate apoptosis through its actions during virion assembly. 

ER stress pathways. The accumulation of abnormal quanti- 
ties of protein or of malfolded proteins in the Golgi apparatus 
or ER may trigger kinase cascades that result in the activation 
of caspase 12 (7, 53, 54). This initiator caspase triggers activa- 
tion of effector caspases, such as caspase 3. One of the cellular 
markers of Golgi and ER stress is an increase in the quantities 
of specific GADD proteins such as GADD 135/CHOP (41, 
94). Expression of genes encoding two of the five currently 
described members of the GADD family, GADD 34 and 
GADD 45, were increased following reoviral infection. These 
genes were the earliest ones found to be significantly upregu- 
lated following reovirus infection. The upregulation of ER 
stress apoptosis-inducing transcripts was complemented by 
downregulated expression of the gene for ORP 150, which 
encodes a protein involved in refolding malfolded protein tran- 
scripts within the ER (32a). In addition to a potential role for 
GADD 34 for ER stress-mediated pathways, GADD 34 induc- 
tion parallels that of BAX in other models of apoptosis (30), 
thus suggesting a possible link to mitochondrion-regulated apo- 
ptosis signaling pathways, which are known to play an impor- 
tant role in reoviral infection. These results suggests that ER 
stress pathways may be activated as an early event following 
reoviral infection and that ER stress-induced apoptotic signal- 
ing may contribute to reovirus-induced apoptosis. However, 
the fact that altered gene expression occurred following both 
TIL (APO-) and T3A (APO-I-) infection [although at lower 
levels in TIL (APO-) infection] suggests the possibDity that 
this pathway may play a less-critical role in determining virus- 
induced apoptotic injury and rather is activated as a nonspe- 
cific cellular response to reoviral infection. 

Cysteine proteases. Death receptor, mitochondrial, and 
Golgi and ER pathways of apoptosis all initiate the activation 
of specific initiator caspases, which in turn trigger the activa- 
tion of a limited set of downstream effector caspases, including 
caspase 3. Caspases 3,8, and 9 are all activated during reovirus 
infection (43), and inhibition of this activation inMbits reovi- 
rus-induced apoptosis. Expression of the genes encoding cas- 
pases 3 and 7 were increased following reovirus infection. This 
suggests that, as well as inducing the activation of specific 
caspases at the posttranslational level, reovirus infection also 
results in upregulation of caspase gene expression that would 
be predicted to increase the levels of key effector caspases in 
infected cells. 

We have previously shown that the cysteine protease calpain 
is also activated in reovirus-infected fibroblasts and myocard- 
iocytes in vitro (19) and in the heart in vivo (18). This activa- 
tion appears to be an extremely early event that can be de- 
tected as early as 30 min following infection of cells with 
purified virus. Inhibition of calpain activation inhibits apopto- 
sis and reduces reovirus-induced (ytopathic effects in vitro and 
prevents reovirus-induced apoptotic myocardial injury in vivo 
(18). The mechanism for the proapoptotic actions of calpains is 
not fully understood but may involve activation of and activa- 
tion by several caspases (40,51,53,66,70,88). Calpain can also 
facilitate activation of NF-KB by degrading its cytoplasmic in- 
hibitor, IKB (1). 

Surprisingly, rather than being upregulated, the expression 

of the gene encoding calpain was downregulated in reovirus- 
infected cells. This dovraregulation was apparent only at 24 h 
postinfection and could potentially represent a negative feed- 
back response to calpain activation at the protein level: initial 
increases in calpain activity in infected cells could potentially 
be countered by downregulation of calpain expression at the 
transcriptional level at later time points. 

Transcriptional changes related to DNA repair. Expression 
of transcripts encoding multiple classes of DNA repair en- 
zymes was decreased following T3A (APO-I-)—^but not TIL 
(APO-)—^reovirus iirfection. Most DNA repair mechanisms 
involve a recognition step in which single- or double-stranded 
DNA breaks are identified, followed by the sequential action 
of helices that unwind damaged segments, nucleases that incise 
the damaged region, polymerase that resynthesizes DNA, and 
ligases that repair DNA strand breaks. Failure of any of these 
steps can result in accumulation of DNA damage and the 
subsequent induction of apoptosis (67). 

DNA nucleotide mismatches or mutations are recognized by 
a mismatch-binding factor that consists of two distinct pro- 
teins—hMSH2 and G/T mismatch binding protein (GTBP)— 
both of which are required for mismatch-specific binding (61). 
The gene encoding GTBP was downregulated >2-fold at both 
12 and 24 hpost-T3A (APO+) infection. Downregulation of 
GTBP would be expected to impede recognition of single- 
strand DNA breaks or mutations that distort the structure of 
the DNA heUx. 

Once damage has been sensed, helicases unwind damaged 
DNA as a precursor to excision of the damaged segments. 
RAD54 homologue, Mi2 autoantigen, and helicase-like pro- 
tein are three helicases (26) whose transcripts were down- 
regulated following reovirus infection. Genes encoding two 
nucleotide excision repair enzymes, ERCC5 and XP-C repair- 
complementing protein pl25, were both downregulated follow- 
ing T3A (APO+) reovirus infection. These enzymes are in- 
volved in repairing single-strand DNA breaks or in repairing 
nucleotide mutations that distort the structure of the DNA 
helix (67). Damaged DNA binding protein 2 (DDB2) may also 
play a role in nucleotide excision repair (95)—and like ERCC5 
and XP-C repair-complementing protein pl25, expression 
of genes encoding DDB2 was also downregulated in T3A 
(APO+)-infected cells. 

Once damage is recognized, the helix is unwound, the dam- 
aged area is excised, and new DNA synthesis is required to 
replace the damaged nucleotides. At least nine DNA poly- 
merases involved in various aspects of DNA replication and 
repair have been identified in eukaiyotes (31). DNA polymer- 
ase a and DNA polymerase 7 transcripts were both downregu- 
lated following T3A (APO-I-) reovirus infection. DNA poly- 
merase a is primarily required for DNA replication but also 
interacts with and coordinates other DNA polymerases and 
cellular factors required for DNA repair. DNA polymerase 7 is 
the sole polymerase required for mitochondrial replication and 
plays an important role in the efficient repair of mismatched 
DNA in vitro as well as in the repair of damaged DNA (31,89). 

Following DNA synthesis, the repaired segment must be 
religated with the rest of the helix. DNA ligases promote the 
rejoining of both double- and single-stranded DNA breaks (37, 
77). Expression of the gene encoding DNA Ugase 1 showed the 
most change in expression of any DNA repair-related gene 
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analyzed (downregulated 8.2 ± 1.1-fold at 24 h post-T3A in- 
fection). The second-largest change in gene expression follow- 
ing T3A reovirus infection was that of PARPL. PARPL at- 
taches poly(ADP-ribose) chains to damaged DNA, a process 
termed ribosylation. Ribosylation is a key step during DNA 
repair and transcription that prevents binding of transcription 
factors to regions of damaged DNA (48). Thus, PARPL may 
serve as a molecular switch between transcription and repair of 
DNA to avoid expression of damaged genes (59). 

The downregulation of genes encoding DNA damage and 
repair has not previously been appreciated aS a consequence of 
reoviral infection. TTie fact this global downregulation oc- 
curred following T3A (APO-h) and not TIL (APO-) reovirus 
infection suggests that, as well as directly stimulating proapo- 
ptotic signaling pathways, T3A reovirus infection may result in 
signaling pathways that facilitate apoptosis by hampering the 
capacity of the host cell to repair DNA damage. 

Regulatory mechanisms involved in apoptosis, DNA repair, 
and cell cycle regulation are highly integrated and involve a 
number of overlapping and intersecting signaling pathways and 
proteins. Expression analysis performed by using high-density 
oligonucleotide arrays provides a unique opportunity to inves- 
tigate the complex mechanisms responsible for pathogenic 
effects in reovirus-infected cells and tissues. Transcriptional 
analysis may not only be directly translatable into in vivo mod- 
els of myocarditis and encephalitis, but more importantly, it 
may provide testable hypotheses that may not have been ex- 
plored in the absence of a large-scale analysis of multiple 
concurrent signaling networks. Work is in progress to further 
investigate the models suggested in this report by manipulating 
genes with potentially central themes and observing effects on 
apoptosis and cell cycle arrest as well as effects on signaling 
cascades known to be operative in the reovirus model. 
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Herein, we define how MEKKl, a MAPK kinase 
kinase, regulates cell migration. MEKKl is associated 
with actin fibers and focal adhesions, localizing 
MEKKl to sites critical in the control of cell adhesion 
and migration. EGF-induced ERKl/2 activation and 
chemotaxis are inhibited in MEKKW- fibroblasts. 
MEKKl deficiency causes loss of vinculin in focal 
adhesions of migrating cells, increased cell adhesion 
and impeded rear-end detachment MEKKl is 
required for activation of the cysteine protease calpain 
and cleavage of spectrin and talin, proteins linking 
focal adhesions to the cytoskeleton. Inhibition of 
ERKl/2 or calpain, but not of JNK, mimics MEKKl 
deficiency. Therefore, MEKKl regulates calpain- 
mediated substratum release of migrating fibroblasts. 
Keywords: calpain/MEKKl/rear-end detachment 

Introduction 
Cell migration involves at least four basic components: 
extension of the leading edge, adherence to the substratum, 
release of adherence at the trailing edge and retraction of 
the trailing uropod. While adherence is necessary to exert 
force on a surface and produce forward movement, release 
of adherence at the uropod must occur for cell migration to 
continue. Control of adherence, and release thereof, is thus 
a critical regulatory function for migrating cells. Whereas 
extension and adherence have been studied extensively, 
few proteins have been characterized as regulators of the 
adhesion-release process during cell migration. Recently, 
the cysteine proteinase calpain has emerged as an import- 
ant regulator of cell adhesion (Huttenlocher et al., 1997; 
Bialkowska et al, 2000). Originally referred to as Ca^+- 
dependent neutral protease (Beckerle et al, 1987), the 
calpain family includes two ubiquitously expressed iso- 
forms, II- and m-calpain (murine calpains 1 and 2, 
respectively) (Huang and Wang, 2001). Calpains have 

been suspected to regulate cell adhesion due to their ability 
to cleave several focal adhesion and cytoskeletal proteins 
(Pfaff et al., 1999; Wang and Yuen, 1999). Further, 
calpain has been shown to be associated with cell adhesion 
complexes (Beckerle et al, 1987), and calpain-deficient 
fibroblasts display inhibited migration (Arthur et al, 2000; 
Dourdin et al, 2001). Overexpression of the calpain 
inhibitor calpastatin also impairs cell detachment and 
migration (Potter et al, 1998). Calpain has been proposed 
to regulate cell detachment through proteoly tic cleavage of 
adhesion complex proteins in the trailing edge of migrat- 
ing cells (Palecek et al, 1998). An understanding of 
calpain regulation during migration has remained elusive. 
Recently, the MEK/ERKl/2 signaling pathway has been 
linked to calpain activation as the pharmacological MEK 
inhibitor PD98059 was shown to inhibit EGF-induced 
calpain activation (Glading et al, 2000). Subsequent 
studies revealed that membrane-proximal ERKl/2 activity 
is required for EGF-induced m-calpain activation and cell 
migration (Glading et al, 2001). 

MEKKl is a MAPK Icinase kinase that is activated in 
response to changes in cell shape and the microtubule 
cytoskeleton (Yujiri et al, 1999). Dual regulation of JNK 
and ERKl/2 pathways by low concentrations of growth 
factors like EGF and by microtubule-disrupting agents like 
nocodazole is mediated by MEKKl (Yujiri et al, 1998). 
Targeted gene disruption of MEKKl demonstrated that it 
functionally regulates cell migration both in vivo and 
in vitro (Yujiri et al, 2000). Our results reveal an 
association of MEKKl with focal adhesions and actin 
fibers entering the focal adhesions. MEKKl regulates the 
limited proteolysis of the focal adhesion proteins talin and 
spectrin. Characterization of MEKKl-nuU mouse embryo 
fibroblasts demonstrates that MEKKl regulates the ERKl/ 
2 pathway for control of calpain-catalyzed rear-end 
detachment. 

Results 
MEKKf regulates cell adhesion 
Comparison of wild-type and MEKKl-/- fibroblasts 
readily defines a function for MEKKl in regulating cell 
adhesion and migration. We found that MEKKl-/- 
fibroblasts have a marked increase in adherence to the 
culture substratum relative to wild-type fibroblasts 
(Figure lA). Using wild-type and MEKKl-/- cells that 
had been serum starved and then challenged with or 
without serum, the culture plates were inverted and 
centrifuged. The remaining attached cells were counted 
as a measure of adherence, with greater number of cells 
after centrifugation being indicative of increased adher- 
ence (Lotz et al, 1989). This simple assay clearly 
demonstrates the increased adherence of MEKKl-/- 
cells  relative to  wild-type  fibroblasts.  Even  though 
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MEKKl-/- cells show an increased adherence in the 
centrifugation assay, their rate of attachment on fibronec- 
tin or tissue culture plastic alone is similar to the rate of 
attachment of wild-type cells (Figure IB). The increased 
adherence in the centrifugation assay, but similar attach- 
ment rate of MEKKl-/- compared with wild-type 
fibroblasts, suggested MEKKl regulates release of cell 
adhesion. We used live cell microscopy to show that 
MEKKl-/- fibroblasts are, indeed, inhibited in random 
migration and rear-end detachment (see Supplementary 
data available at The EMBO Journal Online). Both wild- 
type and MEKKl-/- fibroblasts are capable of extending 
lamellipodia necessary for forward movement, and both 
cell types develop tails or uropods at the trailing edge as 
the cell moves in the direction of the leading edge. 
However, as wild-type fibroblasts have the ability to 
detach and retract their trailing edge, MEKKl-/- cell 
forward progress is impeded by an inability of the uropod 
to detach from the substrate, thereby giving the appearance 
that MEKKl-/- cells are tethered at their trailing end. 
Thus, the increased adherence of MEKKl-/- cells is, at 
least in part, a result of defective detachment from the 
substratum. 

MEKKl regulates directed cell migration 
Inhibited movement of MEKKl-/- fibroblasts was readily 
demonstrated using both transwell migration and in vitro 
wound response assays. Chemotaxis toward serum is 
inhibited in MEKKl-/- compared with wild-type fibro- 
blasts (Figure 2A), consistent with a defect in cell 
movement that would be observed with a loss of rear- 
end detachment. Further, when soluble fibronectin is used 
as a chemotactic agent, migration is reduced by 50% in 
MEKKl-/- versus wild-type cells (Figure 2B). Although 
EGF by itself is a weak chemotactic agent, EGF combined 
with fibronectin produces a synergistic effect relative to 
fibronectin alone to induce chemotaxis (Maheshwari etal., 
1999) (Figure 2B). This synergistic effect is completely 
absent in MEKKl-deficient cells, thus demonstrating that 
MEKKl is required for the EGF/fibronectiri-induced 
fibroblast migration. 

When a confluent contact-inhibited fibroblast culture is 
'wounded' using a razor swipe, the cells along the edge of 
the wound are contact inhibited on all sides save one, and 
will migrate into the wound opening. Wild-type fibroblasts 
will migrate into the wound space within 5 h after 
initiation of the wound (Figure 2C). In contrast, 
MEKKl-/- fibroblast migration into the open area of the 
wound is markedly inhibited. Indeed, the time required by 
MEKKl-/- fibroblasts to completely close a standardized 
wound (24.5 h) is significantly {P < 0.05) prolonged 
compared with the MEKK1+/+ cells (11 h) (Figure 2D). 
By 12 h post-wounding, some MEKKl-/- fibroblasts have 
migrated into the wound site but do not reach numbers or 
distances achieved by MEKK1+/+ fibroblasts. This indi- 
cates that MEKKl-/- fibroblasts are markedly defective, 
but not completely inhibited in directed migration. The 
loss of migration is a direct consequence of MEKKl 
deficiency because MEKKl add-back by transfection of 
MEKKl-/- cells restores migration into the wound 
(Figure 2C and D). It is possible that the migration defect 
of MEKKl-/- cells was due to the loss of expression of a 
secreted factor such as a cy tokine, protease or extracellular 
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Fig. 1. MEKKl-deficient fibroblasts show increased adherence charac- 
teristic of a defect in rear-end detacliment. (A) Wild-type or 
MEKKW- MEFs were serum starved for 8 h, then treated with media 
with or without 10% fetal bovine serum (FBS). The plates were then 
inverted and centrifuged at 2300 g for S min. Adherent cells remaining 
attached to the well surface were stained with Wright's stain and quan- 
titated. Cell adherence is represented as the percent of the total serum- 
treated cells compared with the non-treated cells; 100% was taken as 
the number of wild-type cells in the dish before serum challenge, inver- 
sion and centrifugation. MEKKl-/- cells with serum challenge is 
>100% because more cells are retained after centrifugation than for the 
non-serum-stimulated wild-type cells, indicative of the increased adher- 
ence of MEKKl-/- cells. Results shown are the mean ± SEM of at 
least three independent experiments, and the statistical significance was 
determined by Student's t-test (B) Hbroblasts were resuspended in 
complete media and allowed to attach to either untreated or fibronectin- 
coated tissue culture plates. Cells were monitored for 2 h and the num- 
ber of attached cells determined by phase microscopy. A digital movie 
of migrating MEKK1+/+ and MEKKl-/- fibroblasts is available as 
Supplementary data. 

matrix protein. To determine whether the migration defect 
in MEKKW- cells was due to loss of a secreted factor, 
MEKKl-/- and wild-type fibroblasts were co-cultured 
(Figure 2E) and their respective migration analyzed by the 
in vitro wound healing assay. MEKKl-/- and wild-type 
fibroblasts were stained with different vital fluorescent 
dyes so they could be readily distinguished when co- 
cultured. Strikingly, after 5 h post-wounding, wild-type 
but not MEKKW- fibroblasts have extensively moved 
into the wound space. Virtually no MEKKl-/- fibroblasts 
in co-culture witii MEKK1+/+ fibroblasts have migrated 
into the wound space, demonstrating that co-culture with 
wild-type cells can not restore migration to MEJQiCl-/- 
fibroblasts. Thus, the migration defect of MEKKl-/- 
fibroblasts is not rescued by secreted factors from wild- 
type cells. This result strongly suggests that the defective 
migration of MEKKl-/- fibroblasts is not due to an 
inability to secrete a required protein. 

Vinculin content in focal adhesions is diminished 
in migrating MEKKl-/- fibroblasts 
The MEKKW- phenotype is characterized by increased 
adherence, defective rear-end detachment and inhibited 
migration, suggesting a defect in the regulation of focal 
adhesions. To address the consequence of MEKKl 
deficiency in the regulation of focal adhesions of migrating 
cells, we used quantitative immunofluorescence analysis 
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to measure vinculin content in focal adhesions of migrat- 
ing wild-type (Figure 3A) and MEKKl-/- (Figure 3C) 
fibroblasts. The experiment required a 12 h incubation 
after inflicting the razor swipe to allow migration of 
MEKKl-/- cells into the wound site, and a larger wound 
than that of Figure 2D. Analysis of 58 wild-type and 97 
MEKKl-/- fibroblasts migrating into the scrape wound of 
confluent monolayers indicated 2.8-fold (P < 0.0001) less 
vinculin in focal adhesions of MEKKl-/- versus wild- 
type fibroblasts (Figure 3D). This result is consistent with 
the inability of migrating MEKKl-/- fibroblasts to 
properly organize the complex of proteins in focal 
adhesions. While vinculin may also be organized at cell- 
to-cell contacts, we have found that vinculin consistently 
co-localizes with the focal adhesion protein talin in mouse 
embryo fibroblasts (data not shown) and as such serves as a 
surrogate assay for focal adhesion formation. Further, as 
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organized vinculin staining is indicative of focal adhe- 
sions, loss of vinculin staining indicates that the increased 
adherence of MEKKl-deficient cells is not due to an 
increased number or size of focal adhesions as has been 
observed in FAK-/- fibroblasts. This indicates that the 
change in adherence and focal adhekion composition 
resulting from MEKKl deficiency is different from that 
observed with loss of FAK expression. Importantly, the 
add-back of MEKKl expression restores vinculin content 
to focal adhesions in migrating fibroblasts (Figure 3B and 
D). Stationary MEKKl-/- and wild-type fibroblasts in 
confluent monolayers have similar vinculin staining (data 
not shown), consistent with MEKKl signaling being 
important for regulation of the turnover of focal adhesions 
during migration and not in the ability to form focal 
adhesions. The partial restoration of vinculin to focal 
adhesions is likely due to the level of MEKKl expressed in 
the add-back clone, which is only 20% of MEKKl protein 
in wild-type fibroblasts. Stable expression of MEKKl by 
add-back to MEKKW- cells is extremely difficult. This is 
predictably due to the regulation of MEKKl expression 
during the cell cycle that is not mimicked by using other 
promoters or viral LTRs to express MEIGCl, and the 
toxicity of MEKKl overexpression (Yujiri et al, 1999). 
Despite intensive effort, we have not been able to achieve 
stable add-back clones that express >20% of wild-type 
MEKKl protein. Interestingly, our preliminary findings 
suggest that the level of talin and FAK, unlike vinculin, 
may be similar in MEKKl-/- and wild-type fibroblasts 
(data not shown). To determine whether MEKKl does 
indeed differentially regulate protein composition in focal 
adhesions, it will be necessary to perform quantitative 
immunofluorescence analysis of several focal adhesion 
proteins in stationary and migrating wild-type, MEKKl-/- 
and add-back fibroblasts. 

EGF stimulates the formation ofMEKKI-FAK 
complexes 
Figure 4A shows that when serum-starved fibroblasts are 
stimulated with EGF, MEKKl is co-immunoprecipitated 
with FAK.  Co-expression of MEKKl  and FAK in 

Fig. 2. MEKKl expression is necessary for 'fibroblast migration. 
(A) Fibroblasts were seeded into the upper chamber of a Tianswell 
migration plate with 5% FBS in the lower chamber. Cells traversed 
after S h to the lower surface of the membrane were quantitated. The 
results shown are the mean ± SEM of at least three independent 
experiments. (B) Hbroblasts were treated as in (A) except that the bot- 
tom well of the Transwell contained either 1 nM EGF, 100 ^g/ml fibro- 
nectin or the combination of EGF and fibronectin. (C and E) Wild-type 
or MEKKl-/- fibroblasts were seeded onto coverslips and allowed to 
g;row overnight. In addition, MEKKl-/- fibroblasts stably transfected 
with full-length MEKKl (Add-back) were analyzed. Each confluent 
culture was 'wounded' with a razor and observed over the course of 5 h 
for migration into the wound space (in vitro wound healing assay). (C) 
is a Die image of migrating cells. (D) The time required for confluent 
fibroblasts in a tissue culture plate to close a standardized wound 
(200 ^m) is represented by the graph. Results shown are the 
mean ± SEM of at least three independent experiments, and the statis- 
tical significance was determined by Student's (-test (*P < 0.03). 
(E) Cells were first stained with the fluorescent vital dyes PKH26 (red; 
MEKK1+/+) or PKH67 (green; MEKKl-/-) and then mixed in equal 
numbers before seeding onto coverslips, and treated as described 
above. The fluorescence image depicts the migration of MEKKl+Z-t- 
(wild type) and MEKKl-/- cells in co-culture. The data are representa- 
tive samples fiom at least three independent experiments. 
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Fig. 3. Vinculin content in focal adhesions is diminislied in migrating 
MEKKl-/- fibroblasts. A 0.4 fim deconvolved image section of the 
cell having the brightest focal adhesion staining was used for the meas- 
urement of integrated intensity of vinculin content for MEKK1+/+ (A), 
add-back (B) and MEKKW- (C) fibroblasts. The intensity of vinculin 
staining was measured per cell area of the section. The add-back clone 
stably expresses full-length MEKKl and was derived from the 
MEKKW- fibroblasts. The bar graph in (D) shows the analysis firom 
three experiments where 58 wild-type, 97 MEKKW- and 96 add-back 
cells were analyzed for integrated vinculin staining intensity per cell 
area. Vinculin content in the MEKKW- clone is diminished at a statis- 
tically significant level from vidld-type MEKK1+/+ cells (*P < 0.0001) 
and add-back ceUs (**/» < 0.001). Bar = 50 iUa. 

HEK293 cells by transient transfection demonstrated that 
they could be reciprocally co-immunoprecipitated (Yujiri 
et al., 2003). These findings demonstrate the interaction of 
MEKKl with FAK-associated protein complexes and that 
endogenous MEKKl recruitment into FAK complexes is 
regulated by a growth factor that stimulates both FAK and 
MEKKl kinase activities (Fanger et al, 1997). Thus, EGF 
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Fig. 4. MEKKl and FAK form a complex in EGF-stimulated fibro- 
blasts. (A) Wild-type mouse embryo fibroblasts were treated with 
100 ng/ml EGF for the indicated times. After cell lysis, endogenous 
FAK was immunoprecipitated with anti-FAK antibody, and associated 
MEKKl detected by MEKKl immunoblotting. Total immunoprecipi- 
tated FAK was measured by anti-FAK immunoblotting using the same 
blots as that for MEKKl analysis. (B) Wild-type (MEKKl4y+) and 
JvlEKKW- fibroblasts stably expressing papilloma virus E6/E7 
proteins were immunoblotted for FAK protein expression using an anti- 
bo^ recognizing the N- or C-terminal domam of FAK. FAK is a 
125 kDa protein with N- and C-terminal cleavage fragments of 68 and 
57 kDa, respectively. (C) Serum-starved MEKK1+/+ or MEKKW- 
MEFs were allowed to adbere to fibronectin-coated bacterial plates for 
30 min, and then lysed. Endogenous FAK was immunoprecipitated 
with anti-FAK antibodies, and the level of tyrosine-phosphorylated 
FAK determined by phosphotyrosine immunoblotting. The membrane 
was then stripped and total FAK was assessed by FAK inununoblotting. 
(D) MEKK1+/+ and MEKKW- fibroblasts ± E6/E7 protein expres- 
sion were analyzed for migration in Transwell assays using 5% FBS as 
described for Figure 2A. *Inhibition of MEKKW- E6/E7 cell migra- 
tion is statistically significant relative to FAK-/- cells (P < 0.05) and 
MEKKW-ceUs (P < 0.001). 

induces the stable association of MEKKl with FAK, 
altering the protein composition of focal adhesions. 

Focal adhesion turnover, and therefore cell adhesion, is 
proposed to be modulated not only by signaling pathways 
involving protein phosphorylation, but by proteolysis of 
focal adhesion components as well. Interestingly, FAK 
and MEKKl are regulated both by phosphorylation and 
proteolytic cleavage (Cooray et al., 1996; Schlesinger 
et al., 1998; Gary et al, 2002). The discovery that MEKKl 
becomes stably associated with FAK suggested that 
MEKKl functions in focal adhesion signaling. The 
increased adherence and inhibition of migration resulting 
from MEKKl deficiency also demonstrates that MEKKl 
has an important role in the function of focal adhesions. 

MEKKl localizes with focal adhesions 
Expression of EGFP-MEKKl in MEKKl-/- MEFs 
demonstrates its association with focal adhesions and 
actin fibers entering the focal adhesions (Figure 5). The 
localization of EGFP-MEKKl with focal adhesions is 
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Fig. 5. MEKKl localizes to focal adhesions. MEKKl-/- fibroblasts 
were transfected with EGFP-MEKKl, incubated in serum-free media 
for 12 h, then processed as described in Materials and methods and 
subjected to immunofluoiescence analysis. (A) An MEKKW- MEF 
transfected with EGFP-MEKKl and treated with anti-FAK antibodies 
(FAK displayed as red fluorescence). Bar = 10 nm. (B) Displayed are 
two representative examples of co-localization of EGFP-MEKKl with 
endogenous FAK (purple) and actin (red). Bar = 1 \im. 

consistent with its co-inMnunoprecipitation with FAK 
(Figure 4). We did not observe a measurable increase of 
EGFP-MEKKl in focal adhesions of EGF-stimulated 
cells despite an increased stable association of MEKKl in 
FAK inununoprecipitates. This suggests that the EOF 
stimulation of MEKKl-FAK co-immunoprecipitation 
may be related to increased stabilization of the complex, 
possibly due to phosphorylation-related responses, rather 
than a re-localization of MEKKl to focal adhesions. It 
should also be noted that caspase-mediated cleavage of 
MEKKl compelled us to use a mutant MEKKl protein for 
these studies. The caspase-cleavage site residues had been 
mutated to alanines (Widmann et al., 1998). The caspase- 
cleaved fragments do not appear to localize to focal 
adhesions. Cumulatively, the co-immunoprecipitation and 
immunofluorescence studies demonstrate that MEKKl 

localizes, in part, to focal adhesions and actin filaments 
entering focal adhesions for the control of cell adherence. 

E6/E7 papilloma virus proteins induce FAK 
proieolysis in MEKKl-/- fibroblasts 
E6/E7 expression inunortalizes primary fibroblasts by 
inducing the degradation of p53. We had used E6/E7 for 
immortalization of both wild-type and MEKKl-/- mouse 
embryo fibroblasts. We quickly realized that there was a 
significant difference in the phenotype of MEKKl-/- 
fibroblasts but not wild-type fibroblasts that had been 
immortalized with papillomavirus E6/E7 proteins versus 
immortalization by serial passage. In addition to stimulat- 
ing pS3 degradation, the E6 oncoprotein binds to the focal 
adhesion protein paxillin (Turner, 2000). One outcome of 
E6 expression is the disruption of paxillin association with 
vinculin and FAK (Tong et al, 1997; Turner, 2000). 
Relative to primary MEKKl-/- fibroblasts, or MEKKl-/- 
fibroblasts immortalized by serial passage, MEKKW- 
fibroblasts expressing E6^7 were extremely flat and 
highly adherent to the substratum, reminiscent of FAK-/- 
cells (Die et al., 1995). In contrast, E6/E7-expressing wild- 
type fibroblasts were more rounded and less adherent to 
substratum. Figure 4B shows that E6/E7 expression in 
MEKKl-/- fibroblasts causes a near quantitative cleavage 
of FAK. This contrasts with E6/E7-expressing MEKK14-/ 
+ fibroblasts where FAK reniains intact. This result is 
consistent with MEKKl being associated with FAK- 
paxillin-vinculin complexes and playing a protective role 
against E6/E7-induced FAK degradation. This suggests 
that EGF-induced MEKKl association with focal adhe- 
sions alters the organization and interaction of focal 
adhesion proteins. 

Functionally, MEKKl protects FAK from E6/E7- 
mediated degradation, but MEKKl expression is not 
required for fibronectin binding-induced stimulation of 
FAK tyrosine phosphorylation (Figure 4C). With 
MEKKl-/- fibroblasts immortalized by serial passage, 
fibronectin stimulation of FAK tyrosine phosphorylation is 
similar to that observed with MEKK1+/+ fibroblasts. This 
result indicates that FAK tyrosine phosphorylation is 
largely independent of the role MEKKl plays in organ- 
ization, signaling and proteolytic susceptibility of focal 
adhesion proteins. 

E6/E7-induced FAK cleavage in MEKKl-/- fibroblasts 
causes a migration defect more severe than that observed 
with FAK-/- or MEKKl-/- fibroblasts not expressing the 
E6/E7 oncoprotems (Figure 4D). FAK-/- fibroblasts, like 
MEKKl-/- fibroblasts, exhibit a marked reduction in 
niigratioh in transwell assays (Figure 4D). Unlike E6/E7 
wild-type fibroblasts that readily migrate toward serum, 
E6/E7 MEKKl-/- fibroblasts display a migration defect 
more severe than either MEKKl-/- or FAK-/- fibroblasts 
that do not express the E6/E7 proteins (Figure 4D). Thus, 
MEKKl is important in maintaining the integrity and 
protein composition of focal adhesion complexes and is 
functionally required for fibroblast migration. The com- 
bined loss of MEKKl and FAK exacerbates the migration 
defect resulting from the loss of either kinase alone. 

MEKKl regulates calpain activation 
Previous studies have suggested that the intracellular 
cysteine protease calpain is involved in the regulation of 
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Fig. 6. MEKKl-deficient iibroblasts show reduced calpain activity, and 
calpain inhibition mimics MEKKl deficiency. In vivo calpain activity 
was assessed in fibroblasts using the cell-permeable, fluorescent calpain 
substrate SLLVY-AMC (A and B) and by anti-spectrin or anti-talin 
immunoblotting (C). (A) MEKKl+Z-f cells in the presence and absence 
of the calpain inhibitor PD150606 (50 pM), MEKKl-/- and MEiCKl 
add-back cells were used for measurement of calpain activity. 
(B) FAK+/+ and FAK-/- cells were used to measure calpain activity as 
in (A). (C) The anti-spectrin and anti-talin immunoblots were stripped 
and reprobed with anti-m-calpain antibodies to verily protein levels. 
The immunoblots are representative of at least three independent 
experiments. (D) Wild-type fibroblasts grown to confluency on cover- 
slips were pie-treated for 1 h with 50 jlM PD150606 (left panel) or 
2 pM GM6001, a matrix metalloproteinase inhibitor (right panel), and 
then analyzed for migration using the in vitro wound healing assay fol- 
lowing a razor swipe in the continuous presence of inhibitor. Results 
are representative of at least three independent experiments for each set 
of experiments in (A-D). 

rear-end detachment of migrating cells (Huttenlocher et al., 
1997; Frame et al, 2002; Glading et al, 2002), the 
migration defect of MEKKl-/- fibroblasts. Using a cell- 
permeable fluorogenic calpain substrate, we discovered 
that MEKKl-/- cells have significantly less calpain 
proteinase activity than wild-type fibroblasts (Figure 6A). 
Similarly, in culture conditions identical to the in vitro 
wound assay, MEKKl-/- fibroblasts have significantly 
less calpain activity than wild-type fibroblasts. Cleavage 
of the fluorogenic substrate is blocked using a calpain- 
specific inhibitor, PD150606, which prevents Ca^* binding 

to calpain and does not significantly inhibit either 
cathepsins or caspases (Wang et al, 1996), confirming 
that the assay is specifically measuring calpain activity 
(Figure 6A). Just as add-back of MEKKl protein by 
transfection of MEKKW- fibroblasts rescued adherence 
and migration, add-back of MEKKl also restored calpain 
regulation (Figure 6A). Even though the add-back clone 
expresses MEKKl proteui at only 20% of the MEKKl 
expression of wild-type fibroblasts, it is sufficient to at 
least partially restore calpain activation, and rescue both 
migration and adherence. As we had demonstrated that 
MEKKl is associated with focal adhesions (Figures 4 and 
5), we asked whether FAK was necessary for calpain 
activation. Since FAK-deficient fibroblasts have been 
found to have severe migration defects (Ilic et al, 1995), 
we wanted to determine whether loss of FAK from the 
signaling complex affected calpain activity. Strikingly, 
calpain activity in serum-treated FAK-deficient fibroblasts 
was dramatically reduced compared with that of FAK- 
expressing cells (Figure 6B). Taken together, our data 
support the existence of a complex containing FAK and 
MEKKl that is required for calpain control of cell 
adherence and migration. 

02^2 spectrin (fodrin) is a structural protein linking the 
cytoskeleton to membranes and is a defined calpain 
substrate (Wang and Yuen, 1999; Wang, 2000). Calpain 
cleavage of spectrin produces a specific pattern of 
proteolytic peptide fragments of 145-150 kDa (Wang 
and Yuen, 1999; Wang, 2(XX)) that are unique to calpain 
and arc different in size fiom those generated by caspases 
(Wang and Yuen, 1999; Wang, 2000). We found that 
calpain-specific spectrin fragments generated in wild-type 
fibroblasts were nearly undetectable in MEKKl-/- 
fibroblasts (Figure 6C). This finding demonstrates the 
loss of cleavage of an endogenous calpain substrate in 
MEKKl-/- fibroblasts. Cleavage of another calpain 
substrate, talin, was similarly reduced in the MEKKl- 
deficient cells (Figure 6C). While calpain activity was 
diminished in MEKKl-/- fibroblasts, immunoblotting 
indicated that total calpain protein expression was similar 
in wild-type and MEKKW- fibroblasts (Figure 6C). This 
result is consistent with the existence of a MEKKl- 
dependent signaling complex that regulates calpain activ- 
ity but not calpain expression. Together, the loss of both 
spectrin and talin cleavage, coupled with reduced hydro- 
lysis of the fluorogenic calpain-specific substrate, clearly 
demonstrates a loss of calpain activation in MEKKl-/- 
cells. Importantly, PD150606, the calpain-specific inhi- 
bitor, blocks the migration of wild-type fibroblasts in the 
in vitro wound assay (Figure 6D). However, GM6001, an 
inhibitor of metalloproteinases that function to remodel 
the extracellular matrix, did not inhibit fibroblast migra- 
tion into the wound space, thereby demonstrating the 
specific requirement of calpain inhibition for disrupted 
niigration in this assay. The findings demonstrate that the 
MEKKl-dependent regulation of calpain activity is 
required for cell migration. 

MEKKl regulates ERK1/2 activity 
The MEK inhibitor PD98059 blocks ERKl/2 activation, 
inhibits calpain activation and cell motility (Glading et al, 
2000). However, as PD98059 may influence Ca^* influx 
independently of MEK activity (Pereira et al, 2002), and 

3351 



B.D.Cuevas et al. 

n<h 

B 

If     i 
ttotnii. PDisoeot uoi2« imm 

• 8M0012S 
"110126 

d « *( » iW «i m 
umtu 

110126 il^Mli2S 

f ----^ 

NS 01   I    a.1   I .._ ■!   i   n   1 „, t.1   1   BLI   1 
cur    rwr-* cur   r«*r»« ow    n»rie 

MiKKIi/i- •^BKKil^r* AdMndk' 

Fig. 7. Fibroblast migration and calpain activity are dependent on 
MEK, but not JNK activity. (A) Wild-type fibroblasts were loaded into 
Transwell migration chambers (IC celWwell) and allowed to migrate 
for 5 h, using 5% seium as a chemotactic agent Calpain inhibitor 
PD150606 (50 nM), MEK inhibitor U0126 (10 (iM) or matrix metallo- 
proteinase inhibitor GM6001 (2 ^^f) were added to both the upper and 
lower chambers of the designated wells. (B) Wild-type fibroblasts were 
pre-incubated for 1 h vrith JNK inhibitor SP600125 (10 pM) or MEK 
inhibitor U0126 (10 |lM), and calpain activity was assessed by 
SLLVY-AMC cleavage, and compared with that of non-treated cells. 
The results of both (A) and (B) are the mean ± SEM of at least three 
independent experiments. (C) Wild-type fibroblasts were pre-incubated 
with 10 flM SP60012S or 10 )iM U0126 for 1 b and then analyzed for 
migration using the in vitro wound healing assay in the continuous pres- 
ence of inhibitor. (D) Serum-starved wild-type, MEKKl-/- or MEKKl 
add-back fibroblasts were treated vrith EGF or FGF-2 for 10 min and 
then lysed. ERKl/2 activation was then assessed by phospho-ERK 
immunoblotting. The membrane was then stripped and the total ERK2 
level determined by ERK2 immunoblotting. The data are representative 
of at least three independent experiments. NS, no stimulus. 

thereby possibly alter calpain activity, we tested the effect 
of U0126, an unrelated MEK inhibitor that does not non- 
specifically alter Ca^* levels (Pereira et al., 2(X)2) 
(Figure 7). U0126 inhibits calpain activation (Figure 7B) 
and dramatically reduces fibroblast chemotaxis towards 
serum (Figure 7A). In contrast, SP600125, a JNK 
inhibitor, does not diminish fibroblast migration or calpain 
activity (Figure 7B and C). Thus, while MEKKl has been 
shown to regulate both the ERKl/2 and JNK signaling 

pathways, calpain activation and consequent cell migra- 
tion may be attributed specifically to MEKKl regulation 
of ERKl/2 signaling. 

Given that numerous studies have identified Raf as the 
MAPK kinase kinase responsible for growth factor- 
mediated ERKl/2 activation, what role might MEKKl 
play in EGF-induced ERKl/2 activation? We asked 
whether a portion of EGF-induced ERKl/2 activation 
might actually be attributable to MEKKl. By treating the 
cells with low (0.1-5 ng/ml) concentrations of EGF or 
FGF-2, we found that induced ERKl/2 phosphorylation 
and consequent activation by low levels of growth factors 
in mouse embryo fibroblasts is significantly dependent on 
MEKKl expression (Figure 7D), while at higher levels of 
growth factor (100 ng/ml or higher), ERKl/2 phosphoryl- 
ation levels of MEKK1+/+ and MEKKl-/- MEFs were 
similar (data not shown). Thus, MEKKl control of ERKl/ 
2 activation is readily apparent at low growth factor 
concentrations and verified by comparison of wild-type 
and MEKKW- fibroblasts. Further, densitometric analy- 
sis of Figure 7D reveals that MEKK1+/+ cells stimulated 
with the level of EGF used in our migration experiments 
(5 ng/ml) (Figure 2B) display a 2.5-fold greater level of 
pERK than the MEKKl-/- MEFs. Our data show that the 
loss of MEKKl regulation of ERKl/2 signaling in 
MEKKl-/- fibroblasts contributes significantly to inhib- 
ition of calpain activation required for regulation of 
adherence and rear-end detachment of migrating cells. 
Importantly, the add-back of MEKKl completely restores 
ERKl/2 activation by low doses of growth factor. 

Discussion 
Cell adhesion to the extracellular matrix is mediated by 
integrins, which, in turn, are linked to the cytoskeleton 
through proteins in focal adhesion complexes (Yamada 
and Miyamoto, 1995). The strength of cell adherence to 
the extracellular matrix is modulated by signal transduc- 
tion pathways involving proteins within focal adhesions 
(Yamada and Miyamoto, 1995). One such pathway of 
particular importance to adhesion-mediated signaling is 
the ERKl/2 pathway. v-Src, a potent activator of ERKl/2 
signaling, has been shown to drive MEK-dependent ERK 
activation and localization to focal adhesions in chicken 
embryo fibroblasts (Fincham et al., 2000). One explan- 
ation for the importance of membrane-localized ERK 
activity in cell adhesion, and by extension cell migration, 
is that ERKl/2 signaling is required for efficient release of 
cellular adhesion to the matrix substratum (Glading et al., 
2000). We have previously reported that MEKKl regu- 
lates ERKl/2 activation, and that MEKKl-deficient cells 
display reduced motility (Yujiri et al, 1998,2000). In this 
paper, our findings demonstrate that MEKKl-/- fibro- 
blasts have an increased adherence but display normal 
extension of the leading edge during migration. Thus, the 
loss of migration in MEKKl-/- fibroblasts is due to the 
increased adherence and a diminished ability to detach the 
trailing end of the cell, rather than decreased forward 
extension. We have demonstrated by co-immunoprecipi- 
tation that MEKKl is associated with FAK-associated 
protein complexes, and that these coihplexes were 
localized in adhesion complexes. MEKKl has also been 
proposed to co-localize with a-actinin and actin stress 
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Fig. 8. Model depicting tJie FAK-MEKK1-MEK1/2-ERK2 pathway controlling calpain activation and the disruption of focal adhesion-actin cyto- 
skeletal complexes. MEKKW- cells are defective in focal adhesion composition and regulation of the ERK2-calpain activation pathway (see text for 
details). 

fibers (Christerson et al., 1999), and our immunofluores- 
cence studies support that contention. Thus, our findings 
reveal that the cellular location of MEKKl is well suited to 
regulate signal transduction in response to cell adhesion or 
cytoskeletal changes. Indeed, we have previously shown 
MEKKl to regulate signaling in response to cytoskeletal 
alteration (Yujiri et al., 1999, 2000). Activation of the 
MEK-ERKl/2 pathway initiated by changes in integrin 
interactions with focal adhesion proteins is well char- 
acterized (Howe et al., 2002), and our findings with 
MEKKl knockout fibroblasts demonstrate this response is, 
in part, dependent on the expression of MEKKl. 

The protease calpain has recently been implicated in the 
control of cell migration through regulation of de-adhesion 
from matrix substratum. We have demonstrated that 
MEKKl expression is critical for calpain activity regula- 
tion. Glading et al. (2001) have recently shown that 
membrane-proximal ERKl/2 activity is required for EGF- 
induced m-calpain activity, and we demonstrate that 
MEKKl is required for regulation of calpain activation. 
While our studies did not rule out that MEKKl-dependent 
MEK activity might phosphorylate proteins other than 
ERKl/2 that are required for calpain activity, recent 
studies (Glading et al., 2001) indicate that appropriate 
localization of ERK activity is the key MEK-dependent 
factor in calpain activation. It is possible that MEKKl 
might also influence calpain cellular location, but we were 
unable to detect any MEKKl-dependent calpain localiza- 
tion (data not shown). Importantly, reconstitution of the 
wild-type phenotype by expression of MEKKl confirms 
that the defects we have measured in MEKKl-/- 
fibroblasts are a direct consequence of MEKKl deficiency 
and not an epigenetic difference between cell lines. 

Calpain has been shown to be associated with focal 
adhesions, and two primary substrates for calpain in 

fibroblasts are the structural proteins spectrin and talin 
(Glading et al., 2002). Through vinculin, both spectrin and 
talin are linked to a-actinin and the actin cytoskeleton 
(Petit and Thiery, 2000). Calpain-dependent cleavage of 
these two proteins thus alters the tethering of the 
cytoskeleton to focal adhesion complexes and the plasma 
membrane. Regulation of limited calpain cleavage of these 
proteins requires MEBQCl regulation of the ERKl/2 
pathway. The requirement of MEKKl expression for the 
control of adhesion probably explains, at least in part, the 
defective eyelid closure of MEKKl-deficient mice due to 
impaired epithelial cell migration. Furthermore, other 
MEKKl-/- cell types including neutrophils and macro- 
phages appear to have compromised migration (our 
unpublished observations), indicating that MEKKl con- 
tributes to the regulation of migration of mutiple cell 
types. 

The significance of our work is that a focal adhesion- 
regulated pathway controlling cell adherence and migra- 
tion has now been genetically defined. Targeted disruption 
of FAK (Die et al., 1995), MEKKl (Yujiri et al, 2000), 
MEKl (Giroux et al., 1999), ERK2 (Saba El-Leil, 2002) 
and calpain (Dourdin et al., 2001) demonstrates defects in 
cell migration (Figure 8). Pharmacological inhibitors of 
MEKl and calpain mimic the loss of expression of 
component members of this pathway by blocking migra- 
tion and influencing adherence. Interestingly, only the loss 
of MEKKl expression yields viable animals, the other 
knockouts are embryonic lethal. This result is most likely 
related to the requirement of FAK to initiate multiple 
signals fi'om focal adhesions, and the involvement of 
MEKl and ERK2 in many diverse functions regulated by 
members of the Raf family (A-Raf, B-Raf and c-Rafl), 
Mos, Tpl-2 and MEKKl, all MAPK kinase kinases defined 
genetically to regulate the ERKl/2 pathway (Schlesinger 
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et al., 1998). At low growth factor levels, which are most 
likely physiologically relevant, it is apparent that MEKKl 
is critical for normal ERKl/2 activation. At higher growth 
factor concentrations, the activation of Raf proteins 
probably rescues the MEKKl deficiency by activating 
the ERKl/2 pathway. Thus, pharmacological inhibition of 
MAPK kinase kinases such as MEKKl would predictably 
have greater specificity in selectively inhibiting migration 
in pathological states such as cancer metastasis than 
inhibition of MEKl, ERKl/2 or calpain. 

Materials and methods 

Antibodies and reagents 
Anti-phospho ERK, ERIC2 and FAK (C-terminal) antibodies used for 
immunoblotting were from Santa Cruz Biotechnology, Inc. (Santa Cniz, 
CA). Anti-phosphotyrosine and anti-FAK (N-tenninal) antibodies were 
from Upstate Biotechnology (Lake Placid, NY). Fibronectin-coated tissue 
culture plates were from BD Biosciences (Bedford, MA). Anti-vinculin 
(V-4505) and FTTC-conjugated donkey anti-mouse antibodies were from 
Sigma (St Louis, MO). HRP-sheep anti-mouse IgG was from Amersham 
(Piscateway, NJ). Protein A-HRP conjugate was from Zymed 
Laboratories (San Francisco, CA). PKH67 and PKH26 vital dyes were 
from Sigma. PD150606 and SP600125 were from Calbiochem (San 
Diego, CA). U0126 was from Promega (Madison, WI). SLLVY-AMC 
was from Peptides International (Louisville, KY). The MEKKl sequence 
DTVD (amino acids 871-874) was substituted with alanines by a PCR 
strategy, and then subcloned into pEGFP-Cl (BD Biosciences Clontech, 
Palo Alto, CA). 

FIbroblastS 
The development of MEKKl-/- mice has been described previously 
(Yujiri et al, 2000). Mouse embryo fibroblasts were isolated from E14.5 
embryos. Immoitalized fibroblasts were isolated after continuous passage 
for 3 months or by expression of papilloma E6/E7 oncoproteins. All 
results comparing wild-type fibroblasts and MEKKl-/- fibroblasts were 
characterized with similar results in primary and immortalized 
fibroblasts. The MEKKl add-back fibroblasts were made by stable 
tnmsfection of immortalized MEKKW- fibroblasts using a full-length 
mouse MEKKl cDNA in pLHCX. MEKKl expression as determined by 
immunoblotting was -20% of the MEKKl expression of wild-type 
fibroblasts. The FAK-/- fibroblasts were a generous gift from Dr Dusko 
Hie, University of California at San Francisco. 

Cell culture 
Fibroblasts were cultured in IMDM medium (Gibco, Grand Island, NY) 
containing penicillin/streptomycin (1%; Gibco), L-glutamine (2 mM; 
Gibco), monothioglycerol (0.0012%; Sigma) and 10% (v/v) fetal calf 
serum (Gemini Bioproducts, Woodland, CA) at 37°C in a humidified 
atmosphere. Human FGF-2 was purchased from Upstate Biotechnology 
(Lake Placid, NY) and marine EGF from Sigma. 

Immunopreclpltatlon 
After stimulation, fibroblasts were washed twice with cold PBS and lysed 
in 20 mM Tris-HO pH 7.6, 0.5% NP-40,250 mM NaQ, 3 mM EDTA, 
3 mM EGTA, 1 mM PMSF, 2 mM sodium orthovanadate, 20 }lg/ml 
aprotinin, 1 mM DTT and 5 Jlg/ml leupeptin. Lysates were cleared by 
centrifiigation at 14 000 g for 10 min at 4°C, incubated with the 
appropriate antibody for 16 h at 4°C, and then with protein G-Sepharose 
for 1 h. The beads were washed three times, then resuspended in sample 
buffer (125 mM Tris-HQ pH 6.8, 20% glycerol, 4.6% SDS, 0.1% 
bromophenol blue and 10% 2-mercaptoethanol) for SDS-4'AGE. 

Immunoblotting 
After stimulation, cells were lysed in 0.5 ml of sample buffer and 
incubated at room temperature for 20 min. After centrifugation at 
14 000 g for 5 min, post-nuclear detergent cell lysates were collected. 
Proteins were separated by SDS-PAGE and transferred to nitrocellulose 
(Scleicher & Schuell, Keene, NH). Membranes were blocked in 5% milk 
(diluted in Tris-buffered saline and 0.1% Tween-20) and incubated with 
the appropriate antibody at 4°C overnight. HRP-protein A or HRP-sheep 
anti-mouse IgG was used as secondary reageiit. After extensive washing, 
the targeted proteins were detected by enhanced chemiluminescence 

(ECL). Where indicated, blots were stripped by treatment with 2% SDS 
and 100 mM 2-mercaptoethanol in TBS, and then reprobed with desired 
antibodies and detected by ECL. 

In vHro wound healing assessment 
Fibroblasts were grown on coverslips (10* cells) until confluent. The 
culture was 'wounded' with a razor blade by swiping the coverslip to 
generate an open area with no cells. The coverslips were rinsed and cells 
allowed to migrate into the wound site in complete media with or without 
inhibitors for 5 h unless noted otherwise. Fibroblast migration was 
assessed by live cell microscopy. For the mixed cell experiments, the 
fibroblasts were stained with either PKH26 or PKH67 fluorescent vital 
dyes (Sigma), mixed and allowed to grow togeflier overnight before 
wounding and assessment by fluorescence microscopy. To measure 
healing time, cells were grown in tissue culture dishes until confluent, 
wounded with an 18g needle and then periodically examined until the 
wound was completely sealed. The data were analyzed by Student's Mest. 

Transwell chemotaxis assay 
Fibroblasts were typsinized, washed and suspended in IMDM with 5% 
BSA. A total of lO' cells were then loaded into the upper chamber of a 
Transwell (Coming, Coming, NY) migration plate (8 pm pore) and 
allowed to migrate toward IMDM ± 5% fetal bovine serum for 5 h at 
37°C. After migration, the upper surface of the membrane was thoroughly 
cleaned with a cotton swab, stained with Wright stain (Sigma) and the 
cells that migrated to the lower surface counted (five random 20X fields/ 
well). 

Calpain fluorescence assay 
Fibroblasts were seeded into 96-well plates (10* cells/well) and allowed 
to attach overnight The cells were then serum starved for 8 h before 
treatment with 10% FBS in IMDM for 30 min. The medium was removed 
and 200 pi of 62.5 iiiM SLLVY-AMC, a cell-permeable calpain substrate, 
in reaction buffer (115 mM NaQ, 1 mM KH2PO4, 5 mM KQ, 2 mM 
CaQz 1.2 mM MgS04 and 25 mM HEPES pH 7.25) were added and 
fluorescence assessed using a Perkin Ebner 7000 BioA^say Reader (360/ 
465 nm). When inhibitors were used, the cells were incubated with the 
inhibitor for 1 h prior to addition of the substrate, and the assay conducted 
in the presence of the inhibitor. 

Centrifugation adherence assay 
Cells were seeded into a 96-well plate (2000 cells/well) and allowed to 
attach overnight. Cells were serum starved for 8 h before treatment with 
or without 10% FBS in IMDM for 30 min. The plate was then sealed, 
inverted and centrifuged at 2300 g for 5 min at 37°C. After rinsing, the 
remaining attached cells were stained with Wright stain (Sigma) and 
counted. Cell adherence is represented as the percent of the total 
remaining serum-treated cells compared with the non-treated cells. 

Fibroblast attachment rate 
MEKK1+/+ (wild-type) ra: MEKKl-deficient fibroblasts were resus- 
pended in complete media and allowed to attach in either untreated or 
fibronectin-coated tissue culture plates (Bectoii Dickinson, Bedford, 
MA). The number of attached cells was determined over the course of 2 h 
by phase microscopy of a defined plate area. 

Immunofluorescence 
Cells were transfected with lipofectamine and grown on glass coverslips. 
Two days after transfection, ttie cells were treated with 50 ng/ml EGF or 
serum-free medium alone for 30 min, then the medium was removed and 
the cells fixed in 3% paraformaldehyde/3% sucrose in phosphate-buffered 
saline (PBS) for 10 min. Following three PBS washes, the cells were 
permeabilized for 10 min with 0.1%Triton X-100 in PBS. After washing, 
the cells were blocked in 10% donkey serom in PBS for 1 h at room 
temperature. The coverslips were then incubated with anti-FAK (BD 
Transduction Laboratories) in 3% BSA/PBS for 1 h. After three washes, 
the coverslips were incubated with CyS-conjugated anti-mouse antibodies 
(Jackson Immunotesearch) and rhodamine-phalloidin (Molecular 
Probes) in 3% BSA/PBS for 1 h. Following washing, cells were mounted 
in 75% glycerol/25% PBS/Tris pH 7.5. 

QuantHatlon of vinculin In focal adhesions 
Cells migrating into the wound area resulting firom the razor swipe of a 
confluent monolayer of fibroblasts were paraformaldehyde fixed at 12 h 
post-wounding. CAh were stained with the mouse anti-vinculin antibody 
followed by FTTC-conjugated donkey anti-mouse antibody. Images were 
taken every 0.4 pm along the Z-axis and deconvolved using the nearest- 
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neighbors algoritlun Slideliook program from Intelligent Imaging, Inc. 
(Denver, CO). The section at the substratum interface with the Ijest in- 
focus vinculin staining was selected for measurement of the integrated 
fluorescence intensity in focal adhesions. The cell area for the section was 
also detennined using Slidebook. The fluorescence intensity of vinculin 
per cell area was calculated for MEKK1+/+, MEKKW- and add-back 
clones from three independent experiments. The data were pooled and 
analyzed statistically using Student's t-test. 

Supplementary data 
Supplementary data are available at The EMBO Journal Online. 
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\- 

Reoviruses infect a variety of mammaiian hosts and serve 
as an important experimentai system for studying the 
mechanisms of virus-induced injury. Reovirus infection 
induces apoptosis in cultured ceiis in vitro and in tar- 
get tissues in vivo, including the heart and central ner- 
vous system (CNS). In epithelial ceils, reovirus-induced 
apoptosis involves the release of tumor necrosis factor 
(TNF)-related apoptosis-lnducing ligand (TRAIL) from in- 
fected ceiis and the activation of TRAIL-associated death 
receptors (DRs) DR4 and DR5. DR activation is followed 
by activation of caspase 8, cleavage of Bid, and the sutj- 
sequent release of pro-apoptotic mitochondrial factors. 
By contrast, in neurons, reovirus-induced apoptosis in- 
volves a wider array of DRs, including TNFR and Fas, and 
the mitochondria appear to play a less criticai role. These 
results show that reoviruses induce apoptotic pathways 
in a ceil and tissue specific manner. In vivo there is an ex- 
cellent correlation between the location of viral infection, 
the presence of tissue injury and apoptosis, indicating 
that apoptosis is a criticai mechanism by which disease 
is triggered in the host. These studies suggest that inhibi- 
tion of apoptosis may provide a novel strategy for limiting 
virus-induced tissue damage following infection. 

Keywords: apoptosis; caspases; deatli receptors; mitochon- 
dria; reovirus. 

Introduction: Mammalian reoviruses 

Reoviruses are non-enveloped, cytoplasmically replicat- 
ing viruses comprised of two concentric protein capsids 
surrounding a genome consisting of 10 segments of 
double-stranded (ds) RNA.' Each dsRNA segment en- 
codes a single protein, except for the SI gene segment, 
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which is bicistronic. Reoviruses are ubiquitous viruses 
that have been isolated from a wide variety of mam- 
malian species including humans. In humans, the viruses 
are still considered 'orphan viruses' as they have not been 
definitively linked to disease, although they have been 
associated with diarrheal illnesses, upper respiratory in- 
fections, hepatobiliary diseases, including biliary atresia, 
and rare cases of central nervous system (CNS) infection.^ 
By contrast, natural and experimental infection of ani- 
mals produces a wide variety of diseases. The most exten- 
sively studied experimental system involves infection of 
neonatal mice, where, depending on the viral strain and 
route of inoculation, reovirus infection in mice can pro- 
duce disease in a variety of organs including the CNS and 
heart.^ 

Reovirus-induced apoptosis is 
determined by the reovirus S1 and M2 
gene segments 

One of the most useful properties of reoviruses is the ca- 
pacity to generate reassortant viruses when cells or animals 
are simultaneously coinfected with two different strains 
of virus. Reassortants are progeny viruses that contain dif- 
ferent combinations of gene segments derived from two 
infecting parental strains. By comparing the phenotype 
of these reassortant viruses to that of the parental viruses 
the role of specific virus genes in the determination of 
viral-induced phenotypes can be determined. This strat- 
egy has been employed to identify viral determinants of 
apoptosis in a variety of cultured cells. For example, the 
prototype reovirus strains. Type 1 Lang (TIL), Type 3 
Dearing (T3D) and Type 3 Abney (T3A) differ in their 
ability to induce apoptosis in infected L929 fibroblasts, 
with T3D and T3A being significantly more apoptogenic 
than TIL. Analysis of two independent sets of reassortant 
viruses generated from TIL X T3DandTlLx T3Aboth 
identified a significant association between the capacity of 
viral reassortants to induce apoptosis and the presence of 
the T3 SI and M2 gene segments.^' These same two gene 
segmehts were also identified as important determinants 
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of apoptosis in Madin-Darby canine kidney (MDCK) cells 
and the SI gene segment alone as a determinant of apop- 
tosis in HeLa cells.^'^ 

In addition to determining the ability of reovirases to 
induce apoptosis in infected cells the SI gene segment 
is also a key determinant of reovirus-induced G2/M cell 
cycle arrest, an effect that results from inhibition of the 
G2/M regulatory kinase p'54'^^'^^ and the resulting inhibi- 
tion of cellular DNA synthesis.^'^'^ G2/M cell cycle arrest 
has recently been shown to be the result of the activity 
of the non-structural Sl-encoded protein a ls7 Infection 
of cells with a reovirus CTIS null-mutant virus (clone 84 
MA) results in apoptosis without associated cell cycle ar- 
rest indicating that apoptosis and cell cycle dysregulation 
can be dissociated.^'^ In addition, treatment of infected 
cells with caspase inhibitors, calpain inhibitors, or inhibi- 
tion of NF-fcB activation, all of which prevent apoptosis 
(see below), have no effect on reovirus-induced cell cycle 
arrest.^ 

In distinction to the key role played by the (Tls pro- 
tein in reovirus-induced cell cycle arrest, several lines of 
evidence suggest that it is the Sl-encoded crl protein 
that is the major determinant of reovirus-induced apop- 
tosis. First, apoptosis can be induced by UV-inactivated 
replication-incompetent virions, which lack a Is.' Sec- 
ond, apoptosis can also be induced at non-permissive tem- 
peratures by a variety of reovirus temperature-sensitive 
(ts)-mutants, which are arrested at defined steps in viral 
replication and fail to synthesize CTIS in infected cells. ^^ 
Finally, the reovirus cr Is-null mutant clone 84MA fails 
to induce G2/M arrest in infected cells, but retains the 
capacity to induce apoptosis, indicating that a Is is not 
required for this process.^'^ 

In both L929 cells and MDCK cells, but not HeLa 
cells, the reovirus M2 gene is associated with the SI gene 
as a determinant of apoptosis. The M2 gene encodes the 
major viral outer capsid protein fil/f^lc} Linear re- 
gression analysis indicates that both the SI and M2 genes 
contribute to the apoptotic phenotype and that the M2 
effects are not simply the result of SI and M2 being linked 
or co-segregating in the reassortant pools.'"' Incubation 
of infected cells with monoclonal antibodies (MAbs) di- 
rected against either the al (viral attachment), <73 or 
fxl proteins (outer capsid) can inhibit apoptosis.' In the 
case of the a 1 MAbs this almost certainly reflects their 
capacity to inhibit viral cell attachment. However, both 
anti-/nl and anti-CT3 MAbs, which do not inhibit viral 
cell attachment, but which do prevent virion-uncoating, 
can inhibit apoptosis.^^ These MAb studies and the deter- 
mination of the M2 gene as a determinant of apoptosis, 
suggest that early events during viral entry, but subse- 
quent to virus engagement of cellular receptors, are re- 
quired for apoptosis. This interpretation has subsequently 
been supported by experiments using temperature sensi- 
tive (ts)-mutants blocked at different stages in the reovirus 

replication cycle and pharmacological inhibitors of re- 
ovirus uncoating.^" 

The reovirus attachment protein 0-I 

In virions, the reovirus cr 1 protein is a homotrimer com- 
prised of an elongated fibrous tail, which inserts into the 
virion, and an externally facing globular head. ^^ The head 
of both the TIL and T3D CTI proteins contain an inde- 
pendent receptor-binding domain that binds junction ad- 
hesion molecule (JAM).^' The fibrous tail of the reovirus 
crl protein also contains receptor-binding domains.^ In 
T3o'l this additional region binds Of-linked sialic acid, 
whereas a separate region of the Tl a 1 mediates the bind- 
ing of TIL to an as yet unidentified cell surface carbo- 
hydrate, i'"'' 

To investigate the contribution of the JAM and sialic 
acid binding domains during T3 reovirus infection mono- 
reassortant viruses were constructed containing the SI 
gene from either the non-sialic-acid-binding strain T3C44 
(strain T3SA—) or from the sialic-acid-binding strain 
T3C44-MA (strain T3SA+) on a TIL background.^^^^ 
As expected, experiments using these reassortant viruses 
show that T3SA- binds JAM while T3SA+ binds both 
JAM and sialic acid.'' In addition, it was found that MAbs 
directed against hJAM (J10.4) completely block the abil- 
ity of T3SA— to bind to human neuronal precursor (NT2) 
cells, indicating the requirement of JAM for T3 reovirus 
binding in the absence of sialic acid.'^' Antibodies di- 
rected against hJAM also significantly block the ability 
of T3SA-1- to bind to NT2 cells and HeLa cells, although 
residual binding activity above background remained. "■ '^ 
The fact that growth of T3SA-|- in HeLa cells in the pres- 
ence of mAb J10.4 is only minimally reduced (less than 
2-fold at 48 hr) suggests that this residual bjnding activ- 
ity is sufficient to act as a functional receptor when hJAM 
is absent or inaccessible.^' T3SA— and T3SA-|- grow 
equally well in L929 cells, however in HeLa cells T3SA— 
growth is reduced compared to that of T3SA-|-. The 
binding of sialic acid in addition to JAM at early times 
post attachment is thus proposed to;€enhance both 
reovirus-attachment and growth in some cell 
types.^'^^ 

Whereas there seems to be some flexibility on the bind- 
ing of sialic acid and JAM for reovirus growth both of these 
receptors are required for the ability of reovirus to induced 
apoptosis in infected cells. Thus, T3SA+ induces high 
levels of apoptosis in both HeLa and L929 cells, whereas 
T3SA— induces little or no apoptosis in these cell types. 
In addition, the removal of cell surface sialic acid with 
neuraminidase or the incubation of virus with sialyllac- 
tose, a trisaccharide comprised of lactose and sialic acid 
abolishes the capacity of T3SA-f to induce apoptosis. 
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Reovirus-induced apoptosis requires 
viral disassembly but not viral 
replication 

Although the induction of apoptosis in reovirus-infected 
cells is dependent on viral binding to both the JAM re- 
ceptor and sialic acid co-receptors, engagement of these 
receptors alone is not sufficient to elicit apoptosis and 
early steps in the viral replication cycle are also required. 
Following viral cell attachment and subsequent receptor- 
mediated endocytosis, reovirions are proteolytically dis- 
assembled to form infectious sub-virion particles (ISVPs); 
a process characterized by the removal of the outer cap- 
sid protein 0^3, proteolytic cleavage of /xl/filC and con- 
formational changes in trl. Blocking proteolysis of re- 
ovirus virions with ammonium chloride, which inhibits 
endosomal acidification, or E64, which inhibits cysteine- 
containing endocytic proteases, blocks reovirus-induced 
apoptosis, indicating that viral disassembly is required 
for apoptosis in infected cells. ^^ In vitro generated ISVPs 
are capable of inducing apoptosis, however like virions 
their ability to induce apoptosis is blocked by ammonium 
chloride suggesting that endosomal events are critical in 
inducing apoptosis and that this is not simply a result 
of the role endosomes play in mediating conversion of 
virions to ISVPs.^" 

Treatment of infected cells with the viral RNA syn- 
thesis inhibitor ribavirin does not prevent apoptosis.'" In 
addition, particles lacking genomic dsRNA are capable 
of inducing apoptosis, indicating that the key apoptosis- 
initiating event precedes and does not require viral RNA 
synthesis.'" Further, ts reovirus mutants with mutations 
resulting in defects in outer capsid assembly (tsB352/L2 
gene), and in dsRNA synthesis (tsD357/Ll gene, tsE320/ 
S3 gene) are capable of inducing similar levels of apopto- 
sis at both non-permissive (39° C) and permissive (32° C) 
temperatures. Temperature sensitive mutants with defects 
in viral core (tsC447/S2 gene) and outer capsid assembly 
(tsG453/S4 gene) also still induce apoptosis at 39°C, but 
only about half as efficiently as they do at 32°C."' Since 
all these ts mutants undergo endosomal processing, their 
ability to induce apoptosis is consistent with a key role 
for endosomal vesicle-related events in apoptosis induc- 
tion. However, the fact that assembly defects can influence 
the efficiency of this process suggests that non-endosomal 
factors also modulate this process. 

The observation that UV-inactivated reovirions can in- 
duce apoptosis also indicates that replication is not ab- 
solutely required for induction of apoptosis, provided the 
inoculum size is sufficient.' Further support for the lack of 
a reqilirement for replication comes from studies in L929 
and MDCK cells, which indicate that there is little corre- 
lation between the efficiency with which reovirus strains 
replicate in particular cells, and their capacity to induce 
apoptosis.'"' Consistent with these results, inhibition of 

apoptosis in reovirus-infected cells, typically has either no 
eflFect on viral titer or results in modest titer reduction on 
the order of 0.5 log.'^2' 

Reovirus induced apoptosis requires 
activation of the transcription factor 
NF-KB 

Nuclear factor kappa B (NF-«:B) is a transcription factor 
that is normally prevented form migrating to the nucleus 
and binding to DNA by its association in the cytoplasm 
with members of the I/cB family of inhibitory proteins. 
Site specific phosphorylation, followed by ubiquitination 
and proteosomal degradation of I/cB, allow for NF-zcB 
activation. Reovirus-infection transiently activates NF- 
K:B in a variety of cell types, including L929, MDCK 
and HeLa cells.^" This activation can be detected by elec- 
trophoretic mobility shift assays (EMSA) as early as 4 h 
post infection (pi) and peaks at 10 h pi.^" Similarly, ex- 
pression of an NF-ATB-dependent luciferase reporter gene 
is transient in reovirus-infected cells where expression is 
detectable at 12 h pi and peaks at. 18 h pi.^" Inhibi- 
tion of NF-/cB.by stable over-expression of an I«:B super- 
repressor or treatment of cells with a proteasome inhibitor 
that blocks I/fB degradation (Z-LjVS) inhibits reovirus- 
induced apoptosis.^" Apoptosis is also inhibited in im- 
mortalized mouse embryo fibroblasts (MEFs) with tar- 
geted disruptions in the genes encoding the p50 or p65 
subunits of NF-ATB.^" These results suggest, in contradis- 
tinction to many other models of apoptosis, that at early 
hmes following reovirus infection NF-«:B exerts a pro- 
rather than anti-apoptotic influence. 

Similar to reovirus-induced apoptosis, NF-/cB activa- 
tion in reovirus-infected cells requires the engagement of 
both the sialic acid and JAM receptors by the reovirus vi- 
ral attachment protein, CT1. ''' This observation, suggests 
that only sialic acid-binding reovirus strains, including 
most T3 strains, but no Tl strains, would activate NF- 
K'B, a prediction that has not yet been tested. Again, sim- 
ilarly to reovirus-induced apoptosis, NF-fcB activation in 
reovirus-infected cells requires viral disassembly but not 
viral replication.'" The exact mechanism by which re- 
ceptor engagement and viral disassembly activate NF-fcB 
remains unknown although numerous potential mecha- 
nisms have been discussed.'"'"'^' It has been suggested 
that the conformational change iii crl that occurs dur- 
ing disassembly may enhance the affinity of cl for sialic 
acid, JAM, or both receptors, leading to receptor aggrega- 
tion and stimulation of intracellular signaling. Proteolytic 
processing offxl/filC during virion disassembly may also 
influence virus-receptor interactions and would provide a 
mechanistic explanation for the contribution of the M2 
gene to the efficiency of apoptosis.'"' Finally, JAM exists 
in a complex of tight junction proteins that includes the 
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ras-interacting protein AF-6. Since ras-mediated path- 
ways have been implicated in the activation of NF-/cB 
this may also constitute a mechanism whereby NF-/cB is 
activated in reovirus-infected cells. 

tion of this technology to identify changes in expression 
of apoptosis-related-genes and their transcription factor 
dependence is underway.^'^ 

Reovirus-induced apoptosis is 
associated witli tlie activation of JNK 
and tlie JNK-dependent transcription 
factor c-Jun 

Reovirus infection results in viral strain-specific patterns 
of selective activation of the c-Jun N-terminal kinase 
(JNK), extracellular-related kinase (ERK), and p38 
mitogen-activated protein kinase (MAPK) signaling 
pathways in infected cells.^' Activation of JNK can be 
detected within 10 h of T3—, but not TIL—, reovirus 
infection in L929 cells and increases steadily for the first 
24 h. ERK shows a bimodal pattern of activation with 
an early phase resolving within 30 min of infection fol- 
lowed by a Second activation phase detectable at 2 h pi. 
In distinction to JNK activation, the late phase of ERK 
activation appears equally robust in cells infected with 
TIL, T3A, and T3D.^' In contrast to their activation of 
ERK and JNK, reovirus strains do not appear to activate 
p38MAPKs.23 

Pharmacologic inhibition of ERK activation does not 
either augment or inhibit reovirus-induced apoptosis in- 
dicating that the activation of this kinase is not required 
for reovirus-induced apoptosis.^' By contrast, the capac- 
ity of reovirus strains to activate JNK correlates closely 
with their capacity to induce apoptosis.^' In addition, ex- 
periments using TIL X T3D reassortants indicate that 
the same viral gene segments that determine apoptosis 
induction (SI and M2) are also key determinants of JNK 
activation.^' Preliminary studies also suggest that inhi- 
bition of JNK activation with pharmacologic inhibitors 
inhibits reovirus-induced apoptosis (unpublished). 

Reovirus-induced JNK activation is associated with 
the subsequent activation-related phosphorylation of the 
JNK-dependent transcription factor c-Jun.^' Increased 
activation of c-Jun is detectable by 12 h pi, peaks at 12- 
24 h pi and then gradually declines to baseline by 48 hrs 
pi.^' Although the specific receptor requirement for JNK 
and c-Jun activation has not been identified, the results 
described above suggest that, like apoptosis, engagement 
of both JAM and sialic acid will be necessary for JNK 
activation. 

The requirement for and association of transcription 
factor activation with reovirus-induced apoptosis sug- 
gests that de novo expression of cellular genes and/or the 
consequences of activation of cellular MAPK signaling 
pathways mediate this process. Oligonucleotide micro- 
arrays have been utilized to analyze reovirus-induced 
changes in gene expression in infected cells and applica- 

Reovirus-induced apoptosis is 
initiated by activation of deatli 
receptors 

Many types of apoptosis triggered by extrinsic stimuli are 
initiated by activation of members of the tumor necrosis 
factor receptor (TNFR) superfamily of cell surface death 
receptors. In a wide variety of non-neuronal cells includ- 
ing L929 cells, human embryonic kidney (HEK293) cells 
and several human cervical (HeLa), breast, and lung cancer 
derived cell lines, TNF-related apoptosis-inducing ligand 
(TRAIL) and its receptors play a key role in reovirus- 
induced apoptosis.^ ^'^' TRAIL is a widely expressed type- 
2 membrane protein that was identified by its homology 
to Fas ligand (FasL) and TNFor. Following its release 
from cells TRAIL can induce apoptosis by binding to spe- 
cific cell surface death receptors (DRs), DR4 (also called 
TRAIL-Rl) and DR5 (also called Apo2, TRAIL-R2, 
TRACK2 or KILLER). TRAIL can also bind to the re- 
ceptors DcR-1 (for Decoy Receptor 1) and DcR-2. These 
decoy receptors do not transduce apoptotic signals and 
can prevent the induction of apoptosis in TRAlL-treated 
cells. TRAIL-mediated activation of DR4 and DR5 trig- 
gers the onset of DR induced apoptosis, which involves 
DR oligomerization and the close association of their cyto- 
plasmic death domains (DDs). This is followed by a DD- 
associated interaction with the cytosolic adapter molecule 
FADD (for Fas associated death domain), and the recruit- 
ment of pro-caspase 8 to form a death inducing signal- 
ing complex (DISC), where the cleavage of pro-caspase 8 
results in the generation of the active initiator caspase, 
caspase 8. Caspase 8 then activates the effector caspases 
(caspases 3, 6 and 7), which are the proteolytic engines of 
cell death.26 

In HEK293 cells, L929 cells and a variety of different 
cell lines derived from human cancers, reovirus-induced 
apoptosis is inhibited by the presence of anti-TRAIL anti- 
bodies or soluble TRAIL receptors (Fc:DR4 and Fc:DR5) 
and by the over-expression of the non-apoptosis-inducing 
TRAIL receptor DcR-1.^*'^' In contrast, antibodies di- 
rected against Fas and soluble TNF receptors appeared to 
have no effect on reovirus-induced apoptosis in these cells. 
Events downstream of TRAIL-receptor binding are also 
activated following reovirus infection. For example, pro- 
caspase 8 is cleaved to form the active initiator caspase, cas- 
pase 8.^''^^ In HEK293 cells the activation of caspase 8 oc- 
curs in two phases. An initial phase occurs between 8 and 
14 h pi and a later phase occurs between 24 and 34 h pi, by 
which time all pro-caspase 8 has been cleaved.^^ Caspase- 
8-activity is required for reovirus-induced apoptosis in 
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HEK293 cells. Hence the expression of DN-FADD, and a 
peptide inhibitor of caspase 8-activity (lETD-FMK) block 
reovirus-induced apoptosis.^^'^^ Caspase-8 activation fol- 
lowing reovirus-infection is required for the activation of 
caspase 3, as demonstrated by the inhibition of reovirus- 
induced activation of caspase 3, in cells expressing FADD- 
DN.^^ Again reovirus-induced activation of caspase 3 is 
biphasic, with the first phase beginning around 8 hours 
pi and a second activation beginning at 24 h pi.^'' The 
kinetics of caspase 8 and caspase 3 activation suggest that 
these two events occur in rapid succession in reovirus- 
infected cells. Reovirus-induced caspase 3-activity corre- 
sponds closely to the cleavage of the cellular substrate 
PARP, indicating that caspase 3 has biological activity in 
infected cells and can participate in the cleavage of cel- 
lular substrates to induce the morphological hallmarks of 
apoptosis. ^"'^^'^^ 

■ Reovirus-infected cells release soluble TRAIL into the 
supernate, providing a potential mechanism for initiat- 
ing both autocrine and exocrine (bystander) apoptosis. 
TRAIL release from infected cells can be detected us- 
ing supernatant transfer experiments.^^'^^ In these exper- 
iments cells are infected with reovirus and then, at vari- 
ous times following infection, the culture supernatant is 
removed and used to inoculate a TRAIL-sensitive indi- 
cator cell line (HeLa cells). Apoptosis is then determined 
24 h following media-transfer. Apoptosis is induced in 
TRAIL-sensitive indicator cells following treatment with 
media taken from virus-infected HEK293 cells at 24, 38 
and 48 h post-infection (18, 30 and 68% respectively).^^ 
This apoptosis is inhibited by soluble TRAIL receptors 
(Fc:DR5 or Fc:DR4) indicating it is TRAIL-specific. In 
contrast, apoptosis in the indicator cells is not blocked 
with a neutralizing polyclonal antireovirus antiserum that 
neutralizes both reovirus infection and apoptosis, indicat- 
ing that apoptosis in the indicator line is not mediated by 
virus present in the transferred supernatant. 

It has recently been shown that regulation of TRAIL 
and DR-expression is mediated by NF-zcB in a variety of 
systems and that NF-/cB activation is required for the up- 
regulation of TRAIL and DR-expression in cells undergo- 
ing apoptosis induced by HTLV-1 Tax and the chemother- 
apeutic agents etoposide and doxorubicin.^^"^^ Studies 
are now underway to determine the role of NF-/cB in 
mediating TRAIL and DR-expression during reovirus- 
induced apoptosis. 

Binding of TRAIL to DR4/DR5 can induce activation 
of JNK and c-Jun through a TRAP 1/2-dependent pro- 
cess, providing a potential link between reovirus-induced 
death receptor activation and MAPK induction.^^ How- 
ever, inhibition of TRAIL binding, using soluble Fc:DR5, 
inhibited reovirus-induced apoptosis but had no effect on 
reovirus-induced c-Jun activation.^' In addition JNK ac- 
tivity in reovirus-infected cells precedes detectable TRAIL 
release.^^'^''^' These results indicate that JNK activation 

in reovirus-infected cells is not merely a consequence of 
TRAIL/receptor binding and that other mechanisms of 
activation must be present. 

Reovirus-induced activation of 
mitociiondrial apoptosis patliway 

In addition to activating the effector caspases, caspase 
8 can also cleave the pro-apoptotic Bcl-2 family mem- 
ber. Bid.''"' Cleaved Bid translocates to the mitochon- 
dria where, in conjunction with other pro-apoptotic Bcl-2 
family proteins (e.g. Bak and Bax), it contributes to the 
opening, or modification, of channels in the mitochon- 
drial membrane, allowing the release of pro-apoptotic fac- 
tors, including cytochrome c and a second mitochondrial 
activator of apoptosis (Smac, also called DIABLO). Cy- 
tochrome c assists with the formation of a macromolecular 
complex (the apoptosome), which utilizeis the apoptotic 
protease activating factor (APAF)-l to mediate activation 
of the initiator caspase, caspase 9P Smac/DIABLO binds 
to cellular inhibitor of apoptosis proteins (lAPs), prevent- 
ing their inhibitory actions on caspase activity.' In addi- 
tion to activating the effector caspases, caspase 9 can also 
cleave pro-caspase 8, through the activation of caspase 3, 
which may act to amplify the apoptotic response.'^ It is 
thought that in addition to releasing cytochrome c and 
Smac/DIABLO the mitochondria may also contribute to 
apoptosis by releasing stores of pro-caspase 8, which then 
become available for activation.'^ In some cell types acti- 
vation of the mitochondrial pathway, through the caspase 
8-dependent cleavage of Bid may be required for ligand- 
induced apoptosis, whereas other cells undergo ligand- 
mediated apoptosis without the involvement of the mi- 
tochondria. At the molecular level these cell types differ 
principally in the amount of caspase 8 recruited to the 
ligand-activated receptor. 

The first indication that mitochondrial events were in- 
volved in reovirus-induced apoptosis came from the ob- 
servation that reovirus-induced apoptosis is inhibited in 
MDCK cells that over-express Bcl-2, which inhibits the 
formation of pores in the mitochondrial membrane by 
binding to pro-apoptotic "pore-forming" Bcl-2 family 
members.^ It was subsequently found that Bid is cleaved 
in HEK293 cells following infection with reovirus.^^ Sim- 
ilar to the activation of caspase 8, Bid cleavage is bipha- 
sic. The release of cytochrome c from the mitochondria of 
reovirus-infected cells at 10 hours pi and the associated 
activation of caspase 9 at approximately the same time, 
suggest that cleaved Bid is able to induce the activation 
of mitochondrial apoptotic pathways in reovirus-infected 
cells.^'' Both Bid cleavage and the release of cytochrome c 
are blocked in cells expressing DN-FADD, indicating that 
caspase 8 activity is required for activation of the mito- 
chondrial apoptotic pathway in reovirus-infected cells.^^ 
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Smac/DIABLO is also released from the mitochondria 
of reovirus-infected cells with similar kinetics to the re- 
lease of cytochrome c and, like cytochrome c, Smac/ 
DIABLO release is blocked by the over-expression of 
Bcl-2.^^ Although reovirus-infection results in both 
cytochrome c -mediated caspase 9 activation and Smac/ 
DIABLO release, recent studies suggest that it is likely 
that Smac/DIABLO release, rather than caspase 9 acti- 
vation, plays a critical role in the mitochondrial-related 
augmentation of death-receptor initiated apoptotic 
pathways.^^ Thus, stable transfection of HEK293 cells 
with DN-caspase 9 (caspase 9b) only inhibits caspase 9- 
activation, unlike Bcl-2 over-expression, which blocks all 
mitochondrially-mediated events.^^ Similarly, caspase 9b 
expression prevents the activation of caspase 9 in reovirus- 
infected cells but does not affect reovirus-induced acti- 
vation of caspase 3 or reovirus-induced PARP cleavage, 
suggesting that although caspase 9 is activated in reovirus- 
infected cells, other pathways are necessary for effector 
caspase activation.'^ 

As noted, Smac/DIABLO acts as a pro-apoptotic fac- 
tor by inhibiting lAP-mediated caspase inhibition.'^ This 
may be mediated through direct binding of Smac/ 
DIABLO with target lAPs.'^-'^^-^^ Alternatively, LAP 
degradation has also been shown to represent an impor- 
tant apoptotic event in both mammalian cells and in 
drosophila where proteins with regions homologous to 
Smac/DIABLO (Grim and REAPER) promote ubiquitin- 
mediated DIAPl degradation.'*'"'*^ The fact that in 
reovirus-infected cells some cellular lAPs (survivin, cIAP 1 
and XIAP) undergo proteolytic cleavage and degradation 
following reovirus-infection, and that this can be pre- 
vented in cells over-expressing Bcl-2, is consistent with a 
key role for Smac/DIABLO in mediating mitochondrial- 
related reovirus-induced apoptotic pathways.'^ 

In addition to cytochrome cand Smac/DIABLO, a va- 
riety of other mitochondrial apoptotic factors have been 
identified, including apoptosis inducing factor (AIF). Re- 
ovirus infection is not associated with release of AIF in 
HEK293 cells.'^ Neither does it result in disruption of 
mitochondrial transmembrane potential, indicating that 
the release of pro-apoptotic factors from the mitochondria 
following reovirus infection is selective.'^ This is consis- 
tent with ultrastructural studies in reovirus-infected cells 
that suggest that disruption of mitochondrial architecture 
is not a typical feature of reovirus infection. 

As previously described, activation of both caspase-8 
and Bid show a biphasic pattern with an early-activation 
phase at 8-10 h pi followed by a later activation phase.^^ 
In contrast, reovirus-induced release of Smac/DIABLO is 
not biphasic and occurs just after the early phase and before 
the late phase of caspase 8-activation and Bid cleavage.^^ 
Over-expression of Bcl-2 inhibits the late phase of caspase 
8 activation without affecting the early phase, suggesting 
that the late phase is mitochondrial-dependent. Taken to- 

gether these results are consistent with a model in which 
death-receptor activation initiates reovirus apoptosis, and 
results in early low level activation of effector caspases. 
Mitochondrial-events, likely initiated by Bid transloca- 
tion and involving release of Smac/DIABLO, then amplify 
the initial death receptor-initiated signal and dramatically 
augment effector caspase activation. 

In addition to caspase 3, the effector caspase, caspase 7 is 
also activated following reovirus infection.^^ This activa- 
tion occurs later than the first phase of caspase 3-activity 
and is less robust suggesting that caspase 7 activation 
may play a less critical role in reovirus-induced apoptosis 
than caspase 3. In addition, the observations that caspase 
7 activation parallels that of caspase 9 and is not biphasic 
suggest that it may result from the activation of caspase 9- 

Reovirus sensitizes celis to 
TRAIL—Induced apoptosis 

In addition to inducing the release of TRAIL from infected 
cells, reovirus-infection also sensitizes cells to TRAIL- 
induced apoptosis.^^'^' This sensitization is detectable 
around 12 h pi and increases until 48 h pi when the 
majority of cells are apoptotic.^^ Reovirus infection and 
TRAIL treatment have synergistic rather than merely ad- 
ditive effects on apoptosis, and infection can confer TRAIL 
sensitivity to previously TRAIL-resistant cells as well 
as increasing the TRAIL sensitivity of partially resistant 
lines.^^'^^ For example, reovirus infection increases apop- 
tosis in TRAIL-treated HEK293 cells from 30% to 90%, 
in a TRAIL-treated human breast cancer cell line (ZR75- 
1) from <10% to 80%, in a TRAIL-treated human lung 
cancer cell line (HI57) from 10% to 70% andinaTRAIL- 
treated human ovarian cancer cell line (OVCAR-3) from 
10% to 80% (unpublished).^^'^^ This finding may in- 
crease the potential utility of TRAIL as an agent for can- 
cer therapy, which is currently limited by the fact that 
cancer cells of all types differ in sensitivity to TRAIL- 
induced apoptosis. Although TRAIL receptor expression 
may be up-regulated in HEK293 cells the ability of re- 
ovirus to sensitize cells to TRAIL does not appear to reflect 
an increase in the expression of TRAIL receptors in sev- 
eral human cancer cell lines.^' In the human lung cancer 
cell line, HI 57, reovirus-induced sensitization of cells to 
TRAIL is associated with an increase in the activation of 
caspase 8 and caspase 3 and is blocked by the caspase 8 
inhibitor lETD-FMK.^' 

Reovirus-induced apoptosis 
requires calpain 

Although the caspase family of cellular proteases are cen- 
tral to reovirus-induced apoptosis, the calcium dependent 
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papain-like neutral cysteine protease, calpain, also plays a 
role in this process. Calpain is distributed widely through- 
out the cytosol of many cell types and exists as an inactive 
pro-enzyme in steady state with its endogenous inhibitor 
calpastatin. Calpains have been demonstrated to mediate 
differentiation and necrosis and to participate in caspase- 
dependent and caspase-independent apoptosis. 

Reovirus-induced apoptosis in L929 cells and in my- 
ocardiocytes is associated with an increase in cellular cal- 
pain activity.^^'''^ Increased calpain activity is seen in 
reovirus-infected cells, compared to mock-infected cells, 
as early as 2 h pi and this activation is suppressed by 
the addition of the calpain active-site inhibitor, N-acetyl- 
leucyl-leucyl-norleucinal (aLLN, calpain inhibitor 1) and 
by a second calpain inhibitor, PDl 50606, an a-mercapto- 
acrylic acid derivative that selectively blocks calpain's 
calcium-binding site inhibitor.'^ Calpain inhibitors also 
block apoptosis induced by T3 A, TIL and UV-inactivated 
reovirus indicating the role of calpain in this process. Cal- 
pain activation has also been shown to occur in reovirus- 
infected primary cardiac myocytes and again treatment of 
these cells with a calpain inhibitor (Z-leu-aminobutyric 
acid-CONH(CH2)3-morpholine, CX295) protects them 
from reovirus-induced apoptosis. Further, CX295 also 
dramatically reduces the extent of apoptotic myocardial 
injury in reovirus-infected mice (see below). The precise 
step in reovirus-induced apoptosis at which calpains act 
is unclear. In most models of apoptosis calpains act up- 
stream of caspases and the early onset of calpain activity 
in reovirus-infected cells suggests that this may is also be 
true for reovirus-induced apoptosis. Experiments show- 
ing the effect of calpain inhibitors on caspase-activation 
would be useful to confirm this possibility. Calpain has 
also been implicated in the regulation of a variety of cel- 
lular transcription factors, including NF-zcB and c-Jun 
activation, which may both play a role in reovirus-induced 

48-50 apoptosis. 

Reovirus-induced apoptosis in the 
mouse CNS 

It has long been known that T3 reovirus strains infect 
neurons within specific regions of neonatal mouse brain 
producing a lethal meningoencephalitis. Viral replication 
and pathology co-localize in the brain and have a predilec- 
tion for the cortex hippocampus and thalamus. It has now 
been shown that reovirus induces apoptosis in the brain 
following intracerebral inoculation of newborn mice with 
T3D and fragmentation of DNA into oligonucleosomal 
length ladders can be detected in tissue samples prepared 
from T3D— but not mock-infected brain (8—9 days pi), 
coinciding with maximal viral growth. 

In an effort to determine the relationship between 
pathology, apoptosis, and viral infection, brain sections 

have been stained with TUNEL and antibodies specific 
for activated caspase 3 to detect apoptosis, and with poly- 
clonal anti-reovirus antisera to detect viral antigen. At a 
macroscopic level there is an excellent correlation between 
areas of tissue injury, the presence of apoptotic cells, and 
the localization of viral infection.'^''^ At a microscopic 
level, individual cells can also be analyzed for the pres- 
ence of viral antigen and apoptosis. In brain, most cells in 
infected regions are both TUNEL-positive and reovirus 
antigen-positive, however there are cells in these regions 
that are apoptotic but antigen negative.'^''^ This sug- 
gests that apoptosis occurs both as a result of direct viral 
infection, and in uninfected 'bystander' cells adjacent to 
productively infected cells. 

Studies of reovirus-infection in a mouse neuroblastoma- 
derived cell line (NB4la3) and in primary mouse cortical 
cultures (MCC) derived from embryonic (E20) mice in- 
dicate that reovirus-induced apoptosis of neurons is sim- 
ilar to reovirus-induced apoptosis of non-neuronal cells 
in that it is associated with increased levels of caspase 
3-activity and is blocked with the caspase 3-inhibitor 
DEVD-FMK." 

Again, similar to the mechanism of reovirus-induced 
apoptosis in epithelial cells reovirus infection induces in- 
creased caspase 8 activation in infected neurons, indicat- 
ing that neuronal apoptosis, like that in its epithelial cell 
counterparts, involves death-receptor activation.'^ How- 
ever, the ligand-receptor trigger for this activation ap- 
pears to be less specific than that observed in epithe- 
lial cells. Thus, whereas reovirus-induced apoptosis in 
HEK293 cells is selectively inhibited by blocking TRAIL 
ligand/receptor interaction, reovirus-induced apoptosis in 
NB4 cells is inhibited by treating cells with both soluble 
TRAIL receptors (Fc:DR5) and soluble TNFR (FcTNFR- 
1), and reovirus-induced apoptosis in MCCs is inhibited 
by Fc:TNFR-l and Fc:Fas." 

Another distinction between reovirus-induced apop- 
tosis in neuronal and epithelial cells may be the extent 
of involvement of the mitochondrial pathway. In con- 
trast to HEK cells, in which reovirus infection is asso- 
ciated with robust release of cytochrome c and the sub- 
sequent activation of caspase 9, in neuronal cultures cy- 
tochrome c release appears to occur only at low levels 
and at later times following infection.'^ As would be 
predicted from this result, there is only low level acti- 
vation of caspase 9 in these cells.'^ Consistent with these 
findings, the caspase 9 inhibitor Z-LEHD-FMK has lit- 
tle effect on reovirus-induced neuronal apoptosis, which is 
significantly inhibited by either caspase 8 (Z-IETD- 
FMK), caspase 3 (Z-DEVD-FMK) or pan-caspase inhi- 
bitors.'^ Studies are currently underway to determine if 
Smac/DIABLO or other pro-apoptotic factors are released 
during reovirus-induced neuronal apoptosis. 

Studies of reovirus-infection in neuronal cultures also 
provide fiirther evidence of bystander apoptosis seen 
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following reovirus infection and in both MCC and NB4 
cells dual labeling with imunocytochemistry and TUNEL 
showed that although a great majority of infected cells 
were undergoing apoptosis there was also a subset of apop- 
totic cells that were uninfected but located in proximity 
to virus-infected cells.'^ Bystander apoptosis could result 
from the release of TRAIL, or other death ligands, from 
reovirus-infected cells. If this is the case the amount of 
bystander apoptosis would reflect the sensitivity of the 
surrounding cells to the released ligand. 

Reovirus-induced apoptosis 
is responsible for tissue injury 

Although studies in the mouse CNS show that apoptotic 
ceils are restricted to the same regions of the brain in which 
infected cells and tissue damage occur, the actual demon- 
stration that reovirus-induced disease results from apop- 
tosis came from studies using reovirus strain 8B, a virus 
that efficiently produces myocarditis in infected neonatal 
mice.^ In this model, reovirus infection results in apop- 
tosis in the heart. Similar to results seen in the mouse 
brain, DNA extracted from the hearts of reovirus-infected 
mice is fragmented into oligonucleosomal-length ladders, 
indicative of apoptosis.    Also similar to results seen in 

reovirus-infected brain tissue, areas of TUNEL positive 
cells in 8B infected hearts correlate with areas of histo- 
logic damage and reovirus antigen.''^ Injury to the heart 
following reovirus-infection occurred in the absence of 
an inflammatory response, also suggesting that it results 
from apoptotic cell death. 

Treatment of mice with the calpain inhibitor CX293 
(dipeptide alpha-ketoamide calapin inhibitor z-Leu- 
aminobutyric acid-CONH(CH2)3-morpoline) is.protec- 
tive against reovirus induced-myocarditis and produces 
a dramatic reduction in histopathologic evidence of my- 
ocardial injury, a reduction in serum creatine phospho- 
kinase (an intracellular enzyme whose release into the 
serum is a quantitative marker of skeletal and cardiac 
muscle damage) and improved weight gain.'*'' Preven- 
tion of myocardial injury is accompanied by a virtually 
complete inhibition of apoptotic myocardial cell death, 
strongly suggesting that virus-induced apoptosis is a key 
mechanism of cell death, tissue injury and mortality in 
reovirus-infected mice. 

Although treatment of reovirus-infected animals re- 
sults in a marked decrease in apoptosis in infected tis- 
sues, the impact on viral titer is less dramatic, and only 
a 0.5 logio PFU/ml reduction is observed at the site of 
primary replication primary (hind limb) and only a 0.7 
logio PFU/ml reduction is observed in the heart.    These 

Figure 1. TRAIL mediated apoptosis in reovirus-infected epithelial cells. Reovirus induces the release of TRAIL from infected cells. 
TRAIL binds to DR4 and DR5 Initiating their association with FADD and pro-caspase 8. Cleavage of pro-caspase 8 results in the 
activation of caspase 8, which then activates caspase 3 to induce apoptosis. Caspase 8 also cleaves Bid to activate the mitochondrial 
apoptotic pathway resulting in the release of cyctochrome cand Smac/DIABLO Into the cytosol. Cytochrome c assists with the formation 
of the apoptosome, which utilizes APAF-1 to mediate activation of caspase 9. The release of Smac/DIABLO from the mitochondria 
results In the release of lAP Inhibition of caspase 3-activity and leads to the onset of apoptosis. The broad arrows indicate events that are 
thought to be critical for reovirus-induced apoptosis in HEK cells, whereas the thin arrows represent events that may be less important. 
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results are similar to those obtained in vitro and indicate 
that inhibiting apoptosis has only a modest effect on virus 

growth. 

Conclusions and future directions 

Over the past few years considerable advances have been 
made in our knowledge of reovirus-induced apoptosis, 
both in vitro and in vivo. Reovirus triggers apoptosis during 
its attachment and disassembly in infected cells. In epithe- 
lial cells, these events stimulate a variety of cellular path- 
ways, including the activation of the cellular transcrip- 
tion factors NF-fcB and c-Jun, the release of TRAIL from 
infected cells and the subsequent activation of TRAIL- 
apoptotic pathway. TRAIL-induced apoptosis in reovirus- 
infected cells is associated with the activation of the death- 
receptor associated caspases, caspase 8 and 3 (Figure 1). 
The subsequent activation of the mitochondrial apoptotic 
pathway in reovirus-infected cells, which requires caspase 
8 activity, releases both cytochrome c and Smac/DIABLO 
into the cytoplasm. The action of Smac/DIABLO appears 
to be a key mitochondrial event in augmenting reovirus 
induced apoptosis, presumably through its action on cel- 
lular lAPs. In neurons, the pathways of virus-induced 
apoptosis are also initiated through death receptors, al- 
though both TNFR and Fas may play a role in addition to 
DR4/DR5. In addition, the mitochondrial pathway may 
be less important in augmenting DR-initiated apoptosis 
in neurons, as compared to epithelial cells, although the 
precise role of Smac/DIABLO remains to be established 
in these cells. The differences between neurons and non- 
neuronal cells clearly indicate that the same virus may 
differentially activate cellular apoptotic pathways in a cell 
and tissue specific manner. 

Although the mechanisms of reovirus-induced apop- 
tosis are becoming increasingly understood, a number of 
important questions remain. For example: (1) What are 
the specific links between the requirement for cellular 
transcription factors such as NF-/cB and c-Jun and the 
initiation of cellular apoptotic pathways? (2) What role 
does the selective activation of MAPK cascades play in 
reovirus-induced apoptosis and how is this mediated? (3) 
What role does calpain play in reovirus-induced apoptosis, 
and how is this linked to caspase cascades, transcription 
factor activation, and MAPK cascades? (4) Can organ spe- 
cific differences in apoptotic pathways be identified, and 
will this influence the response of these organs to specific 
anti-apoptotic therapies? 
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Cellular transcription factors are often utilized by in- 
fecting viruses to promote viral growth and influence 
cell fate. We have previously shown that nuclear factor 
KB (NF-KB) is activated after reovirus infection and that 
this activation is required for virus-induced apoptosis. 
In this report we identify a second phase of reovirus- 
induced NF-KB regulation. We show that at later times 
post-infection NF-KB activation is blocked in reovirus- 
infected cells. This results in the termination of virus- 
induced NF-KB activity and the inhibition of tumor ne- 
crosis factor a and etoposide-induced NF-KB activation 
in infected cells. Reovirus-induced inhibition of NF-KB 
activation occurs by a mechanism that prevents IkBa 
degradation and that is blocked in the presence of the 
viral RNA synthesis inhibitor, ribavirin. Reovirus-in- 
duced apoptosis is mediated by tumor necrosis factor- 
related apoptosis inducing ligand (TRAIL) in a variety 
of epithelial cell lines. Herein we show that ribavirin 
inhibits reovirus-induced apoptosis in TRAIL-resistant 
HEK293 cells and prevents the abUity of reovirus infec- 
tion to sensitize TRAIL-resistant cells to TRAIL-induced 
apoptosis. Furthermore, TRAIL-induced apoptosis is en- 
hanced in HEK293 cells expressing IKBAN2, which 
blocks NF-KB activation. These results indicate that the 
ability of reovirus to inhibit NF-KB activation sensitizes 
HEK293 cells to TRAIL and facilitates virus-induced 
apoptosis in TRAIL-resistant cells. Our findings demon- 
strate that two distinct phases of virus-induced NF-KB 
regulation are required to efficiently activate host cell 
apoptotic responses to reovirus infection. 

Experimental infection with mammalian reoviruses has pro- 
vided a classic model of viral pathogenesis (for review, see Ref. 
1). Reovirus induces apoptosis both in cultured cells and in 
target tissues (for review, see Ref. 2). In the centrsd nervous 
system and heart, virus-induced apoptosis correlates with pa- 
thology and is a critical mechanism by which disease is trig- 
gered in the host (3-5). Reovirus induces apoptosis by a p53- 
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independent mechanism that involves cellular proteases, 
including calpains (3, 6) and caspases (5, 7, 8). 

We have previously shown that in a variety of human epi- 
thelial cell lines (7, 9) reovirus-induced apoptosis is mediated 
by tumor necrosis factor (TNF)-'^-related apoptosis-inducing li- 
gand (TRAIL) (for review, see Ref. 10). However, reovirus in- 
fection triggers apoptosis in both TRAIL-sensitive (7, 9) and 
TRAIL-resistant cells (7). The question as to how reovirus 
induces apoptosis in TRAIL-resistant lines has been answered 
in part by the observation that reovirus CEUI sensitize previ- 
ously resistant cells to killing by TRAIL (7, 9). Reovirus-in- 
duced sensitization of cells to TRAIL requires caspase 8 activ- 
ity and is associated with an increase in the cleavage of pro- 
caspase 8 in cells treated with TRAIL and reovirus compared 
with cells treated with TRAIL alone (9). The mechanism by 
which reovirus induces increased caspase 8 activation in 
TBAIL-treated cells is, however, unknown. 

The NF-KB family of cellular treuiscription factors promotes 
the expression of a variety of cellular genes, including genes 
that have either pro- or anti-apoptotic effects, and it is thought 
that the balance of expression of NF-KB-regulated genes may 
determine cell fate (12). The prototypical form of NF-KB exists 
as a heterodimer of proteins p50 and p65 (RelA) (13,14). NF-KB 

is normally sequestered in the cytoplasm by its binding to a 
family of inhibitor proteins, collectively known as IKB (15, 16). 
In response to a variety of stimuli, IKB is phosphorylated, 
resulting in its ubiquitination and subsequent degradation 
(17-20). This allows the release of NF-KB, which translocates to 
the nucleus (21), where it stimulates cellular gene transcrip- 
tion (for review, see Refs. 22 and 23). In a variety of cell tjrpes, 
the binding of reovirus to the cell surface receptors junctional 
adhesion molecule and sialic acid induces the activation of 
NF-KB (24,25). In TRAIL-sensitive HeLa cells this activation is 
detected 2-12 h post-infection (pi), involves both the p65 and 
p50 subunits of NF-KB, and is required for reovirus-induced 
apoptosis (26). In HeLa cells reovirus-induced NF-KB activa- 
tion and apoptosis require viral disassembly but not subse- 
quent events of reovirus replication and are not inhibited by 
the viral RNA synthesis inhibitor ribavirin or by replication 
incompetent viruses (27). 

The experiments described below investigate the role of 
NF-KB in reovirus-induced apoptosis in TRAIL-resistant 
HEK293 cells. These studies show that reovirus infection of 
HEK293 cells results in an initial, transient phase of NF-KB 

activation that is required for reovirus-induced apoptosis in 

^ The abbreviations used are: TNF, tumor necrosis factor; TRAIL, 
TNF-related apoptosis-inducing ligand; NF-KB, nuclear factor KB; IKB, 
inhibitor KB; pi, post-infection; EMSA, electrophoretic mobility shift 
assay; m.o.i., multiplicity of infection; HIV-1, human immunodeficiency 
virus type. 
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these cells. This is followed by a later phase of virus-induced 
NF-KB inhibition. Reovirus-induced inhibition of NF-KB acti- 
vation is associated with impaired degradation of IKB and is 
inhibited by the viral RNA synthesis inhibitor, ribavirin. In 
contrast to findings in TRAIL-sensitive HeLa cells, in which 
ribavirin blocks reovirus replication but not apoptosis, both 
these events are blocked by ribavirin in TRAIL-resistant 
HEK293 cells. Ribavirin also inhibits reovirus-induced sen- 
sitization of HEK293 cells to TRAIL-induced apoptosis. We 
further show that HEK293 cells are sensitized to TRAIL- 
induced apoptosis by the expression of IKBAN2, which blocks 
the activation of NF-KB. This suggests that the ability of 
reovirus to block NF-KB activation at later times post- 
infection sensitizes HEK293 cells to TRAIL-induced apo- 
ptosis and is critical for apoptosis in TRAIL-resistant cells. 
The demonstration that multiple levels of virus-induced 
NF-KB regulation are required to efficiently activate host cell 
apoptotic responses to reovirus infection represents a novel 
mechanism of viral-induced apoptosis. 

EXPERIMENTAL PROCEDXJRES 
Cells, Viruses, and Reagents—WEK29S (ATCC CRL1573) were 

grown in Dulbecco's modified Eagle's medium supplemented with 100 
imits/ml each penicillin and streptomycin and containing 10% fetal 
bovine serum. HeLa cells (ATCC CCL2) were grown in Eagle's minimal 
essential medium supplemented with 2.4 mM L-glutamine, nonessential 
amino acids, 60 units/ml each penicillin and streptomycin and contain- 
ing 10% fetal bovine serum (Invitrogen). HEK293 cells ejtpressing 
IKBAN2, a strong dominant negative IKB mutant lacking the NHj- 
terminal phosphorylation sites that regulate IKB degradation and the 
consequent activation of NF-KB, were a kind gift firom Dr. G. Johnson). 
Reovirus strain Type 3 Abney (T3A) was used for all experiments. T3A 
is a laboratory stock that has been plaque-purified and passaged (twice) 
in L929 (ATCC CCLl) cells to generate working stocks (28). TRAIL was 
obtained from Upstate Biotechnology and Sigma, TNFa was obtained 

■ firom Invitrogen, and etoposide and ribavirin were obtained fi-om Sigma. 
Ribavirin was used at a concentration of 200 pM. 

Apoptosis Assays—Cells were assayed for apoptosis by staining with 
acridine orange for determination of nuclear morphology and ethidium 
bromide to distinguish cell viability at a final concentration of 1 (Ag/ml 
each (29). After staining, cells were examined by epifluorescence mi- 
croscopy (Nikon Labophot-2, B-2A filter; excitation, 450-490 nm; bar- 
rier, 520 nm; dichroic mirror, 505 nm). The percentage of cells contain- 
ing condensed nuclei and/or marginated chromatin in a population of 
100 cells was recorded. The specificity of this assay has been previously 
established in reovirus-infected cells using DNA laddering techniques 
and electron microscopy (9, 30). 

Caspase 3 Activity Assays—Caspase 3 activation assays were per- 
formed using a kit obtained fi-om Clontech. Cells (1 x 10') were centri- 
fiiged at 200 X g for 10 min, supematants were removed, and cell 
pellets were fi-ozen at -70 °C until all time points were collected. 
Assays were performed in 96-well plates and analyzed using a fluores- 
cent plate reader (CytoFluor 4000, PerSeptive Biosystems). Cleavage of 
DEVD-aminofluoromethylcoumarin, a synthetic caspase-3 substrate, 
was used to measure caspase 3 activation in reovirus-infected cells. 
Cleavage after the second Asp residue produces fi-ee aminofluorometh- 
ylcoumarin that can be detected using a fluorescent plate reader. The 
amount of fluorescence detected is directly proportional to the amount 
of caspase 3 activity. 

Electrophoretic Mobility Shift Assay (EMSA)—Nuclear extracts were 
prepared firom treated cells (5 X 10') by washing cells in phosphate- 
buffered saline followed by incubation in hypotonic lysis buffer (10 mM 
HEPES (pH 7.9), 10 mm KCl, 1.5 mM MgClj, 0.5 mM dithiothreitol, 0.5 
mM phenylmethylsulfonyl fluoride, and a |)rotease inhibitor mixture 
(Roche Applied Science)) at 4 °C for 15 min. One-twentieth volume 10% 
Nonidet P-40 was added to the cell lysate, and the sample was vortexed 
for 10 s and centrifiiged at 10,000 X ^ for 5 min. The nuclear pellet was 
washed once in hypotonic buffer, resuspended in high salt buffer (25% 
glycerol, 20 mm HEPES (pH 7.9), 0.42 M NaCl, 1.5 mM MgCl^, 0.2 mM 
EDTA, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 
and protease inhibitor mixture), and incubated at 4 °C for 2-3 h. Sam- 
ples were centrifiiged at 10,000 X g for 10 min, and the supernatant was 
used as the nuclear extract. 

Nuclear extracts were assayed for NF-KB activation by EMSA using 
a ''^P-labeled oligonucleotide consisting of the NF-KB consensus binding 

sequence (Santa Cruz Biotechnology). Nuclear extracts (5-10 ju,g of total 
protein) were incubated with a binding reaction buffer containing 2 fig 
of poly(dI-dC) (Sigma) in the presence of 20 mM HEPES (pH 7.9), 6«inM 
KCl, 1 mM EDTA 1 mM dithiothreitol, and 5% glycerol at 4 °C for 20 
min. Radiolabeled NF-KB consensus oligonucleotide (0.1—1.0 ng)\vas 
added, and the mixture was incubated at room temperature for 20 min. 
For competition experiments, a 10-fold excess of unlabeled consensus 
oligonucleotide or an oligonucleotide containing the SP-1 consensuisite 
(Santa Cruz Biotechnology) were added to reaction mixtures. Nudeo- 
protein complexes were subjected to electrophoresis on native 5% ply- 
aciylamide gels at 180 V, dried under vacuum, and exposed to Bionax 
MR film CEsistman Kodak Co.). 

Litciferase Gene Reporter Assays—The NF-KB-dependent luciferase 
reporter construct was a gift fi-om Dr. B. Sugden. The construct contains 
four NF-KB binding sites upstream of the luciferase gene. HEK293cells 
(1.5 X 10^) in 6-well tissue cultiu-e plates (Costar) were incubated for 
24 h before being transfected with 1 /ig of the luciferase reporter 
construct and 1 /ig of a cytomegalovirus-j3-galactosidase reporter con- 
struct (Clontech) using LipofectAMINE (Invitrogen). After an sddi- 
tional 24-h incubation, cells were either mock-infected or Infected mth 
T3A at an m.o.i. of 100 plaque-forming units per cell and incubated at 
37 °C for various intervals. Cells were then harvested and resuspended 
in 1 ml of sonication buffer (91 mM dithiothreitol, 0.91 M K2HP0<(pH 
7.8), centrifiiged at 2000 X g for 10 min, and resuspended in 100 )il of 
sonication buffer. Cells were vortexed, fi-ozen (-20 °C) and thawed 
three times, and centrifiiged at 14,000 X g for 10 min. Samples (10 /il) 
were assessed for luciferase activity after the addition of 350 fl of 
luciferase assay buffer (85 mM dithiothreitol, 0.85 M K2HPO4 (pH7.8), 
50 mM ATP, 15 mM MgSO*) by determining optical density in a hmi- 
nometer (Monolight 2010, Analytical Luminescence Laboratory). Sam- 
ples were assayed for /3-galactosidase activity using standard proce- 
dures (32) to normalize for transfection efficiency. 

Western Blot Analysis—After infection with reovirus, cells were pel- 
leted by centrifiigation, washed twice with ice-cold phosphate-buffered 
saline, and lysed by sonication in 200 fd of a buffer containing 15 mM 
Tris, pH 7.5, 2 mM EDTA 10 mM EGTA 20% glycerol, 0.1% Nonidet 
P-40, 50 mM /3-mercaptoethanol, 100 /xg/ml leupeptin, 2 /xg/ml apro- 
tinin, 40 (xM Z-Asp-2,6-dichlorobenzoyloxime, and 1 mM phenylmeth- 
ylsulfonyl fluoride. The lysates were then cleared by centrifugation at 
16,000 X ^ for 5 min, normalized for the protein amount, mixed 1:1 
with SDS sample buffer (100 mM Tris, pH 6.8, 2% SDS, 300 mM 
p-mercaptoethanol, 30% glycerol, and 5% pyronine Y), boiled for 5 
min, and stored at -70 °C. Proteins were electrophoresed by SDS- 
PAGE (10% gels) and probed with antibodies directed against WBa 
(Santa Cruz No. 203). All lysates were standardized for protein con- 
centration with antibodies directed against actin (Oncogene No. 
CPOl). Autoradiographs were quantitated by densitometric analysis 
using a Fluor-S Multilmager (Bio-Rad). 

RESULTS 

Reovirus Induces the Activation of NF-KB in TRAIL-resistant 
HEK293 CeZis—Reovirus-induced apoptosis in a variety of ep- 
ithelial cell Unes, including HEK293 cells and HeLa cells, is 
mediated by TRAIL (7, 9). However, whereas reovirus induces 
similar levels of apoptosis 48 h pi in HeLa and HEK293 cells 
(Fig. lA), these cell types differ substantially in their sensitiv- 
ity to TRAIL-induced apoptosis (Fig. IB). 

We have previously shown that reovirus activates NF-KB in 
TRAIL-sensitive (HeLa) cells and that this activation is re- 
quired for reovirus-induced apoptosis in these cells (15). To 
determine the role of NF-KB in reovirus-induced apoptosis in 
TRAIL-resistant cells we first investigated whether NF-KB is 
activated after reovirus infection of these cells. HEK293 cells 
were infected with reovirus (m.o.i. 100), and at various times 
pi nuclear extracts were prepared and incubated with a 
^^P-labeled oligonucleotide probe comprising NF-KB binding 
sequences. After incubation with nuclear extracts from reovi- 
rus-infected cells the mobility of the oligonucleotide probe dur- 
ing electrophoresis was retarded, indicating the binding of 
activated NF-KB to the probe sequences (Fig. 2A). Activated 
NF-KB-probe complexes in reovirus-infected cells were present 
2-4 h pi and were imdetectable at later times pi. Binding 
specificity was demonstrated by the fact that an excess of cold 
NF-KB, but not SP-1, sequences prevented the appearance of 
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FIG. 1. Reovirus and TRAIL-mduced apoptosis in HeLa and 

HEK293 cells. HEK293 and HeLa cells were treated with reovirus 
(m.o.i. 0,10,100) for 48 h (A) or TRAIL (0-200 ng/ml) for 24 h (B). The 
graph shows the mean percentage apoptosis obtained from three inde- 
pendent experiments. Error bars represent S.E. 

both the reovirus-induced (Fig. 2, upper band) and non-stimu- 
lus-induced (Fig. 2, lower band) NF-KB-probe complexes 
(Fig. 2B). 

Luciferase reporter gene assays were also used to show that 
NF-KB is activated after infection of HEK293 cells with reovi- 
rus infection. Cells were transfected with a construct contain- 
ing the luciferase gene under the control of NF-KB binding 
sequences. After transfection, cells were infected with reovirus 
(m.o.i. 100), and at various times pi cells were harvested and 
assayed for luciferase activity. Fig. 2C shows that luciferase 
gene expression is increased after infection with reovirus. A 
3-fold increase in reporter gene activity was detected as early 
as 6 h pi, peaked at 12 h pi (5-fold increase), and then declined 
(Fig. 2C). Luciferase reporter gene activity was not detected 
12 h after reovirus infection of cells expressing a dominant 
negative form of IKBAN2, which lacks the sites necessary for 
IKB phosphorylation. The subsequent ubiquitination and deg- 
radation of IKB, which is necessary for NF-KB activation, is 
thus blocked in these cells. These results indicate that NF-KB is 
activated in a transient manner after reovirus-infection of 
HEK293 cells. 

NF-KB Activation Is Required for Reovirus-induced Apo- 
ptosis—^After having shown that NF-KB is activated after reo- 
virus infection of TRAIL-resistant cells we next wished to de- 
termine whether NF-KB is required for reovirus-induced apo- 
ptosis in these cells. HEK293 were infected with reovirus, and 
at various times post-infection were harvested and assayed for 
apoptosis. Compared with mock-infected cells, reovirus infec- 
tion resulted in a significant increase in the number of apo- 
ptotic cells at both 24 and 48 h pi. However, reovirus-induced 
apoptosis was blocked in cells expressing IKBAN2 (Fig. 3A). 
Reovirus-induced apoptosis was also assayed by measuring 
caspase 3-activity using a fluorogenic substrate assay. In- 
creased caspase 3 activity, compared with mock-infected cells, 
was detected at 18 h (3-fold) and 24 h (7.5-fold) pi. Again, 
reovirus-induced caspase 3-activity was blocked in cells ex- 
pressing IKBAN2 (Fig. 3B). These results indicate that NF-KB 
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FIG. 2. Activation of NF-KB after reovirus infection of HEE293 

cells. A, EMSA of reovirus-infected HEK293 cells. Nuclear extracts 
were prepared at various times after infection with reovirus (m.o.i. 100) 
and were incubated with a ^T-labeled oligonucleotide consisting of the 
NF-KB consensus binding sequence. Incubation mixtures were resolved 
by acrylamide gel electrophoresis, dried, and exposed to film. Reovirus- 
induced NF-KB'DNA complexes are indicated. B, specificity of reovirus- 
induced NF-KB-DNA complexes. HEK293 cells were infected with reo- 
virus or were mock-infected. Nuclear extracts were prepared 4 h after 
infection, and EMSA analysis was performed using a ^''P-labeled oligo- 
nucleotide consisting of the NF-KB consensus binding sequence. The gel 
shows NF-KB'DNA complexes present in nuclear extracts prepared 
from mock (lane 1) and reovirus (lane 2)-infected cells. Also shown are 
reactions from reovirus-infected cells incubated with an excess of cold 
oligonucleotide sequences comprising SPl (lane 3) and NF-KB (lane 4) 
consensus binding sequences. C, NF-KB-dependent luciferase expres- 
sion in reovirus-infected HEK293 cells. HEK293 cells (1.5 X 10^) ex- 
pressing wild type (WD IKB or IKBAN2 were transfected with 1 /xg of a 
lucifer£ise reporter construct containing NF-KB binding sites. After 
24 h, cells were infected with T3A (m.o.i. 100) emd incubated at 37 "C for 
the times shown. Cell extracts were then prepared, and luciferase 
activity was determined. The results are expressed as the mean lucif- 
erase units for three independent experiments. Error bars indicate S.E. 

activation is required for reovirus-induced activation of caspase 
3 and apoptosis. 

Reovirus Prevents the Activation of NF-KB by TNFa and 
Etoposide—^Although reovirus induces NF-KB after infection of 
HEK293 cells, this activation is transient in nature. We next 
investigated whether the transient nature of reovirus-induced 
NF-KB activation resulted from a block in NF-KB activation at 
later times pi. Both TNFa (100 ng/ml) and etoposide (100 /XM) 

are classic inducers of NF-KB and cause a rapid and robust 
activation of NF-KB in HEK293 cells as determined by the 
appearance of a shifted probe band after EMSA in treated, but 
not untreated cells (Fig. 4A). NF-KB binding was seen as early 
as 1 h afl«r treatment with TNFa and etoposide and was 
persistent. Prior infection of cells with reovirus blocked the 
appearance of the TNFa and etoposide-induced-shifted probe 
band compared with that seen in mock-infected cells (Fig. 4B). 
In contrast, there was no difference in the intensity of the lower 
NF-KB-probe complex after etoposide or TNFa treatment in 
either mock or reovirus-infected cells. These results indicate 
that reovirus infection blocks the activation of NF-KB after 
treatment of HEK293 cells with TNFa or etoposide, indicating 
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FIG. 3. NF-KB activation is required for reovirus-induced 
apoptosis and caspase 3 activity. HEK293 cells expressing wild type 
{WT) IKB or IKBAN2 were infected with reovirus (m.o.i. 100) and as- 
sayed for apoptosis (A) and caspase 3 activity (B) at various times pi. 
The results are expressed as the mesin percentage apoptosis or fold- 
activation obtained from three independent experiments. Error bars 
indicate S.E. 

that reovirus infection both induces and then inhibits the ac- 
tivation of NF-KB. 

Reovirus Blocks the Degradation of IKB after Treatment of 
Cells with Etoposide and TiVF—Activation of NF-KB results 
from the stimulus-induced degradation of the inhibitor family 
of proteins, collectively known as IKB. Treatment of HEK293 
cells with the NF-KB-inducing stimuli etoposide (100 irn) and 
TNF (100 ng/ml) thus causes the degradation of IKB as detected 
by Western blot analysis using an antibody directed against 
IKBO (Fig. 5A). Degradation of IKBQ; is detectable aroimd 1 h 
after treatment with both TNF and etoposide, and levels grad- 
ually decline over a 24-h period. In contrast, no changes in 
levels of IKBO were detected after reovirus infection (Fig. 5B). 
We next determined whether reovirus blocked etoposide- and 
TNF-induced activation of NF-KB by inhibiting IKBQ degra- 
dation. Cells were infected with reovirus (m.o.i. 100). Then, 
at various times pi cells were treated with etoposide (100 ;XM) 

or TNF (100 ng/ml). After a further 3 h, to allow etoposide 
and TNF-induced IKBO degradation, cells were harvested and 
assayed for the presence of IKBO by Western blot analysis. 
When etoposide was added 2 h after reovirus infection etopo- 
side induced the degradation of IKBQ as expected. However, 
by 4 h pi the ability of etoposide to induce the degradation of 
iKBa was inhibited, and at 12 h pi there was no degradation 
of IKBO after etoposide treatment (Fig. 5B). Similar results 
were obtained after TNF treatment of reovirus-infected cells 
(Fig. 5B). These results indicate that the mechanism by 
which reovirus inhibits NF-KB activation at later times pi 
involves inhibition of IKB degradation in reovirus-infected 
cells. 

Reovirus-induced Inhibition of Stimulus-induced IKBU Deg- 
radation Requires Viral UNA Synthesis—^The ability of reovi- 
rus to inhibit stimulus-induced IKBU degradation and subse- 
quent NF-KB activation occurs somewhat later than would be 
expected for the initial events of viral infection, including re- 
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FIG. 4. Reovirus prevents TNFa and etoposide-induced activa- 

tion of NF-KB. A, time course of NF-KB activation afl»r treatment with 
TNFa and etoposide. HEK293 cells were treated with TNFa (100 ng/ml) 
or etoposide (100 iiM) for the indicated times. Nuclear extracts were 
then prepared, and EMSA analysis was performed using an oligonu- 
cleotide probe comprising NF-i^ binding sequences. Shifted i)ands, 
corresponding to activated NF-KB-DNA complexes, are indicated. B, 
prior infection with reovirus prevents TNFa- and etoposide-induced 
NF-KB activation. HEK293 cells were infected with reovirus or werg 
mock-infected. 12 h pi cells were treated with TNFa (100 ng/ml) or 
etoposide (100 /IM) (Etop.). Nuclear extracts were prepared after treat- 
ment at the times indicated, and EMSA was performed using an oligo- 
nucleotide probe comprising NF-KB binding sequences. Stimulus-in- 
duced NF-KB-DNA complexes are indicated. 

ceptor binding, viral entry, and disassembly, and is more con- 
current with the time at which viral proteins are produced in 
reovirus-infected HEK293 cells (not shown). Therefore we next 
investigated whether viral replication was required for reovi- 
rus-induced inhibition of IKB degradation. Ribavirin is a viral 
RNA synthesis inhibitor that inhibits reovirus replication (27). 
Cells were infected with reovirus (m.o.i. 100) in the presence or 
absence of ribavirin. 12 h after infection cells were treated with 
etoposide (100 JUM) for 3 h. They were then harvested and 
analyzed by Western blot analysis using an IKB antibody. Fig. 
6A shows that etoposide treatment of mock-infected cells in the 
presence or absence of ribavirin, results in the degradation of 
IKB. AS expected, in reovirus-infected cells the ability of etopo- 
side to induce the degradation of IKB is blocked. However, 
etoposide does induce IKB degradation in cells treated with 
both reovirus and ribavirin, indicating that viral RNA synthe- 
sis is required for reovirus-induced inhibition of stimulus-in- 
duced IKB degradation. 

Reovirus-induced Apoptosis in HEK293 Cells Requires Viral 
RNA Synthesis—Having shown that reovirus-induced inhibi- 
tion of IKB degradation requires viral replicatibn and is blocked 
in the presence of ribavirin, we investigated the effect of riba- 
virin on reovirus-induced apoptosis. HEK293 cells were in- 
fected with reovirus in the presence or absence of ribavirin. 
After 48 h cells were harvested and assayed for apoptosis. 
Ribavirin significantly inhibited reovirus (m.o.i. 100)-induced 
apoptosis in HEK293 cells (Fig. 6B), indicating that reovirus- 
induced inhibition of apoptosis of HEK293 cells requires viral 
RNA replication. In contrast, ribavirin did not inhibit reovirus- 
induced apoptosis in TRAIL-sensitive HeLa cells, as has pre- 
viously been shown (27). 

X 
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FIG. 5. Reovirus prevents etoposide-induced degradation of 
IieBa-A, time course of etoposide- and TNF-induced IKBO degradation. 
HEK293 cells were treated with etoposide (.Etop., 100 fiM) or TNF (100 
ng/ml). After the indicated times cells were harvested for Western blot 
analysis. After SDS-PAGE, blots were probed with an anti-lKBa anti- 
body. B, time course of levels of IicBa in reovirus-infected cells. HEK293 
cells were infected with reovirus (m.o.i. 100). After the indicated times 
cells were harvested for Western blot analysis. After SDS-PAGE, blots 
were probed with an anti-IxBa antibody. C, reovirus prevents etopo- 
side- and TNF-induced degradation of IKBO. HEK293 cells were in- 
fected vnth reovirus (m.o.i. 100). At the times indicated pi cells were 
treated with etoposide (100 IIM) or TNF (100 ng/ml). After a ftuther 3 h, 
to allow these reagents to induce IKBU degradation, cells were har- 
vested for Western blot analysis. After SDS-PAGE, blots were probed 
with an anti-lKBa antibody. Also shown are the results from densito- 
metric analysis. 

Viral RNA Synthesis Is Required for Reovirus-induced Sen- 
sitization of Cells to TRAIL—^We have previously shown that 
reovirus sensitizes cells to TRAIL-induced apoptosis (7,9). The 
fact that ribavirin blocks reovirus-induced apoptosis in TRAIL- 
resistant but not TRAIL-sensitive cells suggests the mecha- 
nism by which reovirus sensitizes cells to TRAIL requires viral 
RNA synthesis. HEK293 cells were thus infected with reovirus 
with or without ribavirin. 24 h post-infection cells were then 
treated with TRAIL, and apoptosis was assayed after a further 
24 h. Fig. 6C shows that reovirus-induced sensitization of cells 
to TRAIL is inhibited in the presence of ribavirin, indicating 
that reovirus-induced sensitization of cells to TRAIL is depend- 
ent on viral RNA synthesis. 

Inhibition ofNF-KB Activation Sensitizes Cells to Apoptosis 
Induced by TRAIL and TNFa—Our results indicate that riba- 
virin blocks both reovirus-induced apoptosis in TRAIL-resis- 
tant cells and reovirus-induced sensitization of TRAIL-resis- 
tant cells to TRAIL-induced apoptosis. Because ribavirin also 
blocks the ability of reovirus to inhibit NF-KB activation in 
infected cells at later times pi we wished to determine whether 
inhibition of NF-KB activation was the mechanism by which 
reovirus sensitizes TRAIL-resistant cells to TRAIL-induced 
apoptosis. HEK293 cells expressing IK:BAN2 were treated with 
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FIG. 6. In HEE293 cells reovirus replication is required for 
reovirus-induced inhibition of NF-KB activation by etoposide, 
reovirus-induced apoptosis, and reovirus-induced sensitization 
of cells to TRAIL. A, ribavirin blocks the abiUty of reovirus to inhibit 
etoposide-induced IKBQ; degradation. Cells were infected with reovirus 
or were mock-infected in the presence or absence of ribavirin. 12 h after 
infection, cells were treated with etoposide or were left tmtreated for 3 h 
before cells were harvested for Western blot analysis using an anti-lKBa 
antibody. B, ribavirin blocks reovirus-induced apoptosis in HEK293 
cells. HEK293 cells and HeLa cells were infected with reovirus (m.o.i. 
100) or were mock-infected (m.o.i. 0) in the absence (black bars) or 
presence (shaded bars) of ribavirin. After 48 h cells were harvested and 
assayed for ajMjptosis. The graph shows the mean percentage apoptosis 
obtained from three independent experiments. Error bars represent 
S.E. C, ribavirin blocks reovirus-induced sensitization of cells to TRAIL. 
HEK293 cells were infected with reovirus (m.o.i. 10) or were mock- 
infected in the absence (black bars) or presence (shaded bars) of riba- 
virin. 24 h after infection, cells were treated with TRAIL (20 ng/ml). 
Afl^r a ftu1;her 24 h cells were harvested and assayed for apoptosis. The 
graph shows the mean percentage apoptosis obtained from three inde- 
pendent experiments. REO, reovirus. Error bars represent S.E. 

various concentrations of TRAIL. At 24 h after treatment cells 
were harvested and assayed for apoptosis. High concentrations 
of TRAIL (200 ng/ml) did not induce significant levels of apo- 
ptosis in HEK293 cells expressing vector alone compared 
with untreated cells. In contrast, both 20 and 200 ng/ml 
TRAIL induced significant apoptosis in HEK293 cells ex- 
pressing IKBAN2 (Fig. 7A). Apoptosis was also determined 
using caspase 3 activity assays. Cells were treated with sim- 
ilar concentrations of TRAIL and were harvested 4 h after 
treatment for caspase 3 activity assays. At 4 h pi TRAIL (20 
and 200 ng/ml) induced caspase 3 activity in HEK293 cells 
expressing IKBAN2 but not in cells expressing vector alone 
(Fig. 7A). An 8-fold increase in caspase 3 activity was seen in 
TRAIL (20 ng/ml)-treated cells expressing IKBAN2 compared 
with cells expressing vector alone, and at 200 ng/ml TRAIL 
induced a 20-fold increase. The expression of IKBAN2, thus, 
sensitizes HEK293 cells to TRAIL-induced apoptosis, sug- 
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FIG. 7. Expression of IKBAN2 sensitizes cells to TRAIL and 
TNFa-induced apoptosis. HEK293 cells expressing WF IKB or 
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FIG. 8. Reovirus sensitizes HEK293 cells to TRAIL and TKFa- 
induced apoptosis. HBK293 cells were infected with reovirus (m.o.i. 
10) or were mock-infected. 24 h after infection, cells were treated with 
TRAIL, TNFa, or etoposide (etop) or were left untreated. After a further 
24 h, cells were harvested and assayed for apoptosis. The graph shows 
the mean percentage apoptosis obtained from three independent eiper- 
iments. Error bars represent S.E. Reo, reovirus. 

gesting that reovirus-induced inhibition of NF-KB activation 
is the mechanism by which reovirus sensitizes of celb to 
TRAIL. 

Fig. 4 shows that TNFa and etoposide induce the activation 
of NF-KB in HEK293 cells. TRAIL also induces NF-KB activa- 
tion in these cells (31). Having shown that the expressioo of 
IKBAN2 sensitizes cells to TRAIL-iaduced apoptosis, we aext 
determined whether the expression of IKBAN2 would also sen- 
sitize HEK293 cells to TNF and etoposide-induced apoptosis. 
Neither TNFa (200 ng/ml) nor etoposide (100 /LIM) induced 
apoptosis in HEK293 cells. However, whereas levels of TNFa 
as low as 2 ng/ml induced significant apoptosis in cells express- 
ing IKBAN2 (Fig. IB), the expression of IKBAN2 did not sensi- 
tize cells to etoposide (100 /iM)-induced apoptosis (Fig. 7C). 
Similarly a 12-fold increase in caspase 3 activation was seen 
24 h after TNFa (20 and 200 ng/ml) treatment of cells express- 
ing IKBAN2 but not after TNFa treatment of cells expressing 
vector alone (Fig. 7JB). Again, caspase-3 activation was not 
enhanced in etoposide-treated cells expressing IKBAN2 com- 
pared with cells expressing vector alone (Fig. 7C). These results 
indicate that the expression of IKBAN2 sensitizes HEK293 cells 
to TRAIL and TNFa but not etoposide-induced apoptosis. 

Virus Infection Sensitizes HEK293 Cells to Apoptosis In- 
duced by TNFa and TRAIL—^We have previously shown that 
reovirus infection sensitizes HEK293 cells to TRAIL-induced 
apoptosis. Results described above show that blocking NF-KB 

activation sensitizes cells to both TRAIL- and TNFa-induced 
apoptosis. Because reovirus-induced inhibition of NF-KB acti- 
vation is the mechanism by which reovirus sensitizes cells to 
TRAIL-induced apoptosis, we wanted to determine whether the 
inhibition of NF-KB activation after reovirus infection would 
also sensitize these cells to TNFa-induced apoptosis. Cells were 
incubated with reovirus (m.o.i. 10). 24 h post-infection cells 
were then treated with TRAIL (20 ng/ml) or TNFa (20 ng/ml). 
Apoptosis was then determined after a further 24 h. Fig. 8 
shows that TRAIL and TNFa alone do not induce apoptosis in 
HEK293 cells, as previously shown (Fig. 7). Infection of 
HEK293 cells with reovirus (m.o.i. 10) also induces only low 
levels (22%) of apoptosis in HEK293 cells (see Fig. 1). However, 
treatment of cells vsdth TRAIL or TNFa in the presence of 

TNFa (B), and etoposide (Mtop., C). After treatment cells were har- 
vested £ind assayed for apoptosis or caspase 3 activity. The graph shows 
the mean percentage apoptosis and fold-increase in caspase 3 activity 
obtained from three independent experiments. Error bars represent 
S.E. 
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reovirus produces high levels (70 and 63%) of apoptosis in 
HEK293 cells. These values are significantly greater than the 
sum of apoptosis induced by TRAIL and reovirus or TNFa and 
reovirus when these agents are used alone, indicating that 
reovirus infection acts sjntiergistically with TRAIL and TNFa to 
induce apoptosis. In contrast, reovirus did not sensitize cells to 
etoposide-induced apoptosis, in agreement with the observa- 
tion that the expression of IKBAN2 also does not sensitize these 
cells to etoposide. 

DISCUSSION 

Reovirus-induced apoptosis in human epithelial HEK293 
cells and in several human cancer cell lines is mediated by 
TRAIL and is blocked by the presence of soluble TRAIL recep- 
tors and by anti-TRAIL antibodies (7,9). However, reovirus can 
induce apoptosis in both TRAIL-sensitive and TRAIL-resistant 
cells. Reovirus, therefore, has the ability to sensitize TRAIL- 
resistant cells to TRAIL-induced apoptosis (7, 9). We have 
previously shown that in TRAIL-sensitive HeLa cells reovirus 
infection results in the activation of NF-KB and that this acti- 
vation is required for reovirus-induced apoptosis (26). The re- 
svdts presented in this report describe the role of NF-KB in 
reovirus-induced apoptosis in TRAIL-resistEint (HEK293) cells. 
We show that reovirus-induced NF-KB activation is highly reg- 
ulated in these cells. At early times pi (2-4 h) reovirus acti- 
vates NF-KB, as demonstrated by the presence of NF-KB in the 
nucleus of reovirus-infected cells and by the ability of this 
NF-KB to bind to radiolabeled oligonucleotide probe sequences 
comprising NF-KB binding sites. Activation of NF-KB-respon- 
sive genes after reovirus infection of HEK293 cells is also 
demonstrated by luciferase reporter gene assays. NF-KB acti- 
vation is required for reovirus-induced apoptosis since reovi- 
rus-infection does not result in caspase 3 activity or apoptosis- 
associated changes in nuclear morphology in HEK293 cells 
expressing IKBAN2. These results are similar to those observed 
for TRAIL-sensitive HeLa cells and suggest that reovirus-in- 
duced apoptosis in TRAIL resistant cells also requires the 
expression of pro-apoptotic NF-KB-regulated genes. 

Although required for virus-induced apoptosis, NF-KB acti- 
vation is transient in both reovirus-infected TRAIL-sensitive 
and TRAIL-resistant cells. The transient nature of NF-KB ac- 
tivation in HEK293 cells results from the inhibition of NF-KB 

activation at later times pi since reovirus can block the ability 
of both etoposide and TNFa to induce NF-KB activation. This 
inhibition of NF-KB activation results from the inhibition of 
stimulus-induced IKB degradation and is time-dependent. 
Thus, at early times post-infection (2,4 h) etoposide or TNF are 
still able to induce the degradation of IKBU. However, at later 
times post-infection (8-12 h) neither reagent induces iKBa 
degradation. These results are consistent with the fact that 
reovirus only activates NF-KB at early times pi. 

Although the inhibition of NF-KB activation in reovirus- 
infected cells might be expected to induce a concordant increase 
in levels of IKBO at later times pi, we were unable to detect such 
a change. We predict that this is because of the low levels of 
NF-KB that are activated in reovirus-infected cells and the 
relative insensitivity of Western blotting compared with 
EMSA. 

Reovirus-induced activation of NF-KB is not dependent on 
viral replication and occurs in the presence of ribavirin in both 
HeLa (27) and HEK293 cells.^ Because the ability of reovirus to 
inhibit stimulus-induced NF-KB activation occurs somewhat 
later than the initial infection events (receptor binding, viral 
entry, and disassembly) and occurs around the time that viral 

^ P. Clarke, S. M. Meintzer, L. Moffitt, and K. L. Tyler, unpublished 
data. 

proteins are produced in reovirus-infected HEK293 cells (not 
shown), we next investigated whether viral RNA synthesis was 
required. In the presence of the viral RNA S5^thesis inhibitor 
ribavirin the ability of etoposide to induce the degradation of 
IKB was completely blocked, indicating that viral RNA ssmthe- 
sis is required for this process. 

NF-KB regulates genes with both pro- and anti-apoptotic 
effects. The ability of reovirus to block NF-KB activation at 
later times post-infection enhances virus-induced apoptosis in 
TRAIL-resistant cells, as demonstrated by three lines of inves- 
tigation. First, TRAIL-induced apoptosis is enhanced in 
HEK293 cells expressing IKBAN2. This indicates that blocking 
NF-KB activation sensitizes cells to TRAIL-induced apoptosis. 
Second, ribavirin, which blocks the ability of reovirus to inhibit 
stimulus-induced IKB degradation, blocks reovirus-induced 
apoptosis in TRAIL-resistant, but not TRAIL-sensitive cells. 
Finally, ribavirin also blocks the ability of reovirus to sensitize 
cells to TRAIL-induced apoptosis. 

In neurons TNFa may be more important in mediating 
reovirus-induced apoptosis than TRAIL (5). The results pre- 
sented here indicate that reovirus can also sensitize cells to 
TNFa-induced apoptosis by inhibiting NF-KB activation at 
later times pi, which may have important consequences for 
the ability of reovirus to induce apoptosis in these cells and to 
cause disease of the central nervous system in infected ani- 
mals. The expression of IKBAN2 was not found to sensitize 
cells to etoposide-induced apoptosis. This suggests that eto- 
poside induces apoptosis by a mechanism that is different 
from that induced by TRAIL and TNFa. Previous studies 
show that NF-KB activation is required for etoposide-induced 
apoptosis (32), supporting our observation that the expres- 
sion of IKBAN2 does not sensitize HEK293 cells to etoposide- 
induced apoptosis. 

Reovirus-induced apoptosis is mediated by TRAIL and in- 
volves the release of TRAIL from infected cells (7). Thus, the 
supernatant from reovirus-infected cells contains TRAIL and 
can induce apoptosis in TRAIL-sensitive cells (7). This apopto- 
sis is blocked in the presence of soluble TRAIL receptors, indi- 
cating that it is specific to TRAIL and is not blocked in the 
presence of a neutralizing reovirus antibody, indicating that it 
is not due to residual virus in the supernatant. TRAIL released 
from reovirus-infected cells, thus, induces apoptosis by induc- 
ing receptor-mediated activation of caspase 8 (10). These re- 
sults show that reovirus regulation of NF-KB is also critical for 
virus-induced apoptosis. NF-KB is first activated at early times 
after reovirus infection, an event that is required for apoptosis 
in both TRAIL-sensitive and TRAIL-resistant cells and which 
presumably acts to up-regulate the expression of pro-apoptotic 
NF-KB-regulated genes. Both TRAIL and its receptors are reg- 
ulated by NF-KB (32-34). It is, thus, likely that the pro-apo- 
ptotic effects of NF-KB activation that are required for reovirus- 
induced apoptosis include the up-regulation of these genes. 
TRAIL, DR4, and DR5 are up-regulated after reovirus-infec- 
tion (7), although the involvement of NF-KB in this process has 
yet to be established. At later times pi, reovirus inhibits the 
activation of NF-KB in infected cells. This has the effect of 
blocking stimulus-induced NF-KB activation. In uninfected 
HEK293 cells TRAIL induces the activation of NF-KB (31). Our 
results suggest that TRAIL-induced NF-KB activation has an 
inhibitory effect on TRAIL-induced apoptosis in these cells. 
Thus, the ability of reovirus to block TRAIL-induced NF-KB 

activation will sensitize cells to TRAIL-induced apoptosis, 
therefore allowing both TRAIL and reovirus-induced apoptosis 
in TRAIL-resistant cells. The timing of reovirus-induced inhi- 
bition of stimulus-induced NF-KB activation is in accordance 
with TRAIL release from reovirus-infected cells, which occurs 
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at later times pi (7). Thus, it appears that NF-KB activation is 
turned off in reovirus-infected cells before TRAIL is released to 
facilitate reovirus-induced apoptosis in TRAIL-resistant cells. 

The ability of TRAIL to induce apoptosis in a variety of 
human cancer cells but not in normal cells has triggered the 
investigation of this reagent as a potential therapeutic agent 
for human cancers. However, many cancer cells are resistant to 
TRAIL-induced apoptosis. We have previously shown that re- 
ovirus can sensitize TRAIL-resistant human cancer cell lines to 
TRAIL-induced apoptosis. The results presented here suggest 
that the mechanism for this sensitization results from the 
ability of reovirus to block NF-KB activation. Other studies also 
indicate that blocking NF-KB activation can sensitize himian 
cancer cells to TRAIL-induced apoptosis (35-37). Together 
these findings could have an important impact on the use of 
TRAIL as a potential cancer therapeutic in combination with 
other agents that inhibit NF-KB. 

The NF-KB pathway provides an attractive target to viral 
pathogens for modulating host cell events. NF-KB promotes the 
expression of more than 100 genes that participate in the host 
immune response, oncogenesis, and regulation of apoptosis. In 
addition, activation of NF-KB is a rapid immediate early re- 
sponse that occurs within minutes after exposure to a relevant 
inducer, does not require de novo protein synthesis, and results 
in a strong transcriptional stimulation of several esirly viral as 
well as cellular genes. NF-KB is, thus, activated by multiple 
families of viruses, including human immunodeficiency virus 
type 1 (HIV-1) (38), human T-cell lymphotrophic virus- (39), 
hepatitis B virus (40), hepatitis C virus (41,42), Epstein-Barr 
virus (43), rotavirus (44), and influenza virus (45) to promote 
viral replication, prevent virus-induced apoptosis, and medi- 
ate the immune response to the invading pathogen (for re- 
view, see Ref 46). In contrast, activation of NF-KB by Sindbis 
(47, 48) and Dengue virus (49) is associated with the induc- 
tion of apoptosis, which may increase viral spread. In still 
other cases, proteins encoded by adenovirus (50), hepatitis C 
virus (51), and African swine fever virus (52) inhibit NF-KB 

activity to enhance replication or contribute to viral 
pathogenicity. 

The results demonstrated here indicate that reovirus both 
activates and then inhibits NF-KB activity to efficiently induce 
apoptosis in infected cells. This is the first time that two phases 
of NF-KB regulation have been shown to be required to modu- 
late viral-host interactions within a specific cell type. We pro- 
pose that the complex regulation of NF-KB by reovirus is crit- 
ical for TRAIL- and TNFa-induced apoptosis in reovirus- 
infected cells. Death receptor Ugands are commonly used by 
viruses to induce apoptosis. For example, HIV infection in- 
creases the expression of TRAIL and sensitizes T-cells to 
TRAIL-mediated apoptosis (53). In addition, alteration of the 
cell surface expression of Fas may be involved in virus-induced 
or viral regulation of apoptosis in cells infected with influenza 
virus (54, 55), herpes simplex virus type 2 (56), bovine herpes- 
virus 4 (57), adenovirus (58) and HIV 1 (59, 60). Similarly, 
apoptosis induced by hepatitis B (61), HIV-1 (62), bovine her- 
pesvirus 4 (57), and parvovims H-1 (63) may involve the TNF 
receptor signaling pathway. NF-KB regulation is, thus, likely to 
have implications for apoptosis and disease resulting from a 
variety of viral infections. 
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To better understand the mechanisms by which neurotropic viruses invade peripheral nerve pathways and produce CNS 
disease, we defined the type 3 (13) reovirus genes that are determinants of the capacity of reovirus T3 strain Dearing (T3D) 
and T3 clone 9 (09) to infect the spinal cord and Icill mice after hindlimb injection. T3D and 09 viruses are both highly virulent 
(LDso < 10' PFU) after intracranial injection of neonatal mice. However, 09 is significantly more lethal than T3D after either 
intramuscular injection (LD„ < 10' vs LDK, 10* PFU) or peroral injection (LDw 10" vs LDBO > 10" PFU). Using reassortant 
viruses containing different combinations of genes derived from T3D and 09, we found that the 81 gene, encoding the cell 
attachment protein sigma 1 and the nonstructural protein sigma Is, and the L3 gene, encoding the core shell protein lambda 
1 were the primary determinants of lethality after intramuscular injection. The L3 gene and the L2 gene encoding spil<e 
protein, lambda 2, determined differences in spinal cord titer after intramuscular injection. A 09 X T3D mono-reassortant 
containing all T3D genes except for the C9-derived L3 was lethal after peroral injection. These studies indicate that the 81, 
L2, and L3 genes all play a potential role In neuroinvaslveness and provide the first identification of a role in pathogenesis 
for the L3 gene.    O 2002 Elsevier Science (USA) 

INTRODUCTION 

The central nervous system (CNS) is partially pro- 
tected from systemic infections by the blood-brain bar- 
rier. Neurotropic viruses employ several strategies to 
penetrate this defense and produce neurological dis- 
ease (Mims, 1987). Bloodborne viruses may invade neu- 
ral tissue after infecting vessels in the brain or spinal 
cord or may spread to neural sites through the cerebro- 
spinal fluid (CSF) by crossing the blood- (CSF) junction 
in the meninges or choroid plexus. Neurally spreading 
viruses can evade the blood-brain barrier by utilizing 
peripheral nerve fibers as direct pathways into the CNS. 
Rabies virus, poliovirus, herpes simplex virus, and reo- 
virus travel via the fast axonal transport system in motor, 
sensory, or autonomic fibers to spread through the ner- 
vous system from extraneural sites of infection 
(Nathanson and Tyler, 1997). 

Reovirus infection of neonatal mice has provided an 
important animal model for studying the pathogenesis of 
virus-induced CNS disease. Different reovirus serotypes 
have been identified based on neutralization and hem- 
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agglutination-inhibition assays (Nibert and Schiff, 2001), 
and viruses belonging to these serotypes differ in their 
pattern of CNS infection. Serotype 1 reoviruses primarily 
spread to the CNS by hematogenous routes, infect 
ependymal cells, and produce a generally nonlethal 
ependymitis (Tyler and Fields, 1996). However, after in- 
tramuscular or peroral injection serotype 3 viruses utilize 
peripheral nerve pathways to invade the CNS, infect 
neurons, and produce lethal encephalitis (Tyler et al., 
1986; Morrison ef a/., 1991). Because reoviruses contain 
10 segments of dsRNA, most encoding a single major 
protein, reassortant viruses may be generated from par- 
ents exhibiting unique patterns of disease (Nibert and 
Schift, 2001). Analysis of the pathogenesis of reassortant 
viruses after intracranial injection (IC) has shown that the 
major product of the SI gene, virus cell attachment 
protein, sigma 1, determines tropism for neurons or 
ependymal cells by serotype 3 and serotype 1 viruses, 
respectively (Weiner et al., 1977). Among serotype 3 
strains, the product of the M2 gene, a major outer capsid 
structural protein, mu 1, influences differences in the 
capacity of these viruses to grow in the brain (Hrdy ef al., 
1982). Thus, at least two reovirus genes play distinct 
roles in determining neurovirulence after IC injection. 

After hindlimb injection, type 3 reovirus travels to the 
spinal cord via the sciatic nerve (Tyler et al., 1986). 
Viruses are carried to the spinal cord by fast axonal 
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transport (Tyler etal., 1986) and within 14 h viral antigens 
are detected in spinal cord motor neurons ipsilateral to 
the injection site (Flamand etal., 1991). To identify genes 
that influence type 3 reovirus neuroinvasiveness, we first 
identified two neurotropic type 3 viruses that differ in 
lethality when injected into the hindlimb but not after 
injection into the brain. We reasoned that such viruses 
might differ at early steps in pathogenesis (primary rep- 
lication and/or spread to the nervous system), yet be 
similar at later steps (tropism and growth in the brain). By 
analysis of the pathogenesis of reassortant viruses gen- 
erated from these viruses, we identified reovirus genes 
important for type 3 reovirus invasion of the central 
nervous system after peripheral injection. 

RESULTS 

Characterization of reassortant viruses 

In 1-day old mice, we found that two type 3 reoviruses, 
strain Dearing (T3D) and clone 9 (C9), had similar 50% 
lethal doses (LDgo) by the intracranial (IC) route of injec- 
tion (LDBO < 5 plaque-forming units (PFU)/mouse). How- 
ever, 1000 times more T3D than C9 virus was required for 
an LD50 after intramuscular {\M) injection (LD50 forT3D > 
10^ vs LDBO for C9 < 10'). To determine the genetic basis 
for this difference in neuroinvasiveness, we character- 
ized a panel of T3D X C9 reassortant viruses generated 
by coinfection of murine L929 cells (Table 1). Viral geno- 
types were defined by analysis of the migration patterns 
of the dsRNA gene segments in polyacrylamide gels. As 
reported previously for intertypic (Type 1 X Type 3) reo- 
virus reassortants (Nibert et al., 1996), we found a non- 
random distribution of certain genes in the intratypic 
T3D X C9 reassortants. The M1 and M2 genes coseg- 
regated in all reassortants and the T3D L2 gene was 
present in all but two reassortants. 

Genetic determinants of lethality after im injection 

To identify the gene(s) associated with route-specific 
lethality differences, we determined the LD50 of each 
reassortant after hindlimb injection of 1-day old mice. 
Three to five dilutions of each of the 32 viruses were 
injected into groups of four to six mice (total 768 mice). 
The resulting LD50S exhibited a range of values (lethal 
viruses having the lowest LD50), with no clear gap be- 
tween more and less lethal groups (Table 1). No reas- 
sortant was more lethal than the parental C9; however, 
several were less lethal than T3D. Statistical analysis 
demonstrated a significant association between lethality 
and the derivation of the SI (MW test, P = 0.002; f test, 
P = 0.001) and the L3 (MW test, P = 0.016; t test, P = 
0.016) genes and a possible but less significant associ- 
ation between lethality and the S2 gene (MW test, P = 
0.03; t test, P = 0.4). To calculate the influence on 
lethality of individual C9 genes in the context of all other 

TABLE 1 

T3D X C9 Reassortants 

Orlgl n of the gene segment 9 

Virus PO" 
strain LI L2 L3 M1 M2 M3 SI S2 S3 S4 LDBO' Titer" % 

C9 9 9 9 9 9 9 9 9 9 9 0.5 5.5 0 
56 9 3 9 9 9 9 9 9 3 9 1.4 1.2 0 
42 9 3 9 3 3 9 9 3 3 3 1.5 2.3 100 
1.84 9 3 9 3 3 9 9 9 9 9 1.7 3.9 40 
Z10 9 3 9 9 9 9 9 9 9 9 1.7 1.6 60 
2.11 3 3 9 3 3 3 3 3 3 3 1.7 2.2 20 
1.46 3 3 9 3 3 3 9 3 3 3 1.9 4.8 0 
1.217 3 3 9 3 3 3 9 3 3 9 2.1 3.5 0 
1.211 9 3 3 3 3 3 9 3 3 9 2.2 0.0 0 
1.4 3 9 3 3 3 9 9 3 3 9 2.3 4.4 75 
1.5 3 3 9 3 3 3 9 3 9 9 2.3 3.7 40 
1.118 3 3 9 3 3 3 3 3 9 9 2.6 1.4 40 
65 3 3 9 9 9 9 9 3 9 9 2.6 3.9 75 
1.77 3 3 3 3 3 3 9 3 3 9 2.8 2.2 60 
3.8 3 3 3 3 3 3 9 9 3 9 3.0 0.0 0 
1.54 9 3 9 3 3 9 3 3 3 9 3.1 4.9 100 
1.9 3 3 9 3 3 9 9 3 9 9 3.2 0.8 20 
48 3 3 g 3 3 9 3 3 3 9 3.3 2.7 100 
62 3 3 3 3 3 9 9 3 9 9 3.4 2.0 100 
1.33 3 3 9 3 3 3 3 3 9 3 3.8 1.8 100 
T3D 3 3 3 3 3 3 3 3 3 3 4.0 1.9 100 
45 3 3 3 3 3 3 3 3 3 9 4.2 1.2 75 
1.39 9 3 3 9 9 3 9 3 3 3 4.5 1.0 100 
57 3 3 9 9 9 9 3 3 9 9 4.7 1.6 100 
1.219 3 9 3 3 3 9 3 3 3 9 5.0 3.6 100 
4.19 9 3 9 3 3 9 9 9 9 3 5.0 0.0 100 
1.109 3 3 3 9 9 3 9 3 3 9 5.0 0.0 100 
82 3 3 9 9 9 3 3 3 3 .9 5.1 2.3 100 
1.6 3 3 9 9 9 3 3 3 9 9 6.0 0.7 100 
1.71 3 3 3 9 9 9 3 3 3 9 6.0 0.0 100 
26 9 3 3 3 3 9 3 3 9 9 6.0 1.3 100 
32 9 3 3 9 9 3 3 3 3 9 6.0 0.0 100 

" Parental origin of gene segment 3, gene derived from T3Di 9, gene 
derived from C9. 

'Lethality expressed as median lethal dose (LDM) in iog,o PFU/ 
mouse. 

"Titer of virus in spinal cord on day 5 postinoculation (iog,o PFU/mi). 
■* Percentage of injected animals surviving after peroral injection. 

genes, we subjected the data to linear regression anal- 
ysis with each gene an independent variable, except for 
the cosegregating genes, Ml and M2, which were 
treated as a single variable (Fig. 1). Two C9 genes were 
associated with significant increases in virus lethality. 
The presence of a C9-derived L3 gene was associated 
with an approximate reduction in LDso of 1.8 log (P = 
0.001), while the presence of a C9-derived S1 gene 
reduced LD50 by 1.6 log (P = 0.001). Conversely the 
presence of a C9-derived M1/M2 gene pair tended to 
malce reassortants less lethal, increasing LD50 by about 
1 log {P = 0.03). The regression equation accounted for 
67% of the variance seen in the data [R^ = 0.67, P = 
0.001, where /?^ the square of the multiple correlation, 
represents the proportion of the variance in the depen- 
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FIG. 1. Contribution of individual C9 genes to virus letiiality. Each bar represents the difference in LDM contributed by a single gene in association 
with all other genes after im injection of T3D X C9 reassortants in 1-day old mice. **P = 0.0008; *P = 0.001. 

dent variable accounted for by the independent vari- 
ables). Taken together, these results suggested that the 
difference in T3D and C9 lethality after skeletal muscle 
injection was multigenic, i.e., the C9 L3 and SI genes 
increased virus lethality, while the C9 Ml and/or M2 
gene(s) tended to decrease lethality. 

Because the substitution of certain C9 genes in- 
creased T3D lethality after IM injection, we analyzed 
separately the subset of viruses carrying the T3D SI 
gene (Table 2). All viruses more lethal than T3D con- 
tained the C9 Z.3 gene, and the most lethal virus was 
mono-reassortant 2.11, with an LD50 2.3 log lower than 
that of T3D. Conversely, all reassortants containing the 
C9 M1IM2 gene pair were less lethal than T3D. In those 
reassortants with both the C9 L3 and the C9 M1IM2 
genes, the M1IM2 decrease in lethality was dominant. 
Thus while the association between lethality and the 
derivation of the M1IM2 gene pair (MW test, P = 0.015; 
f test, P = 0.012) was statistically significant in this set of 
reassortants, the association between lethality and the 
derivation of the L3 gene was not (MW test, 0.058; t test, 
P = 0.055). However, regression analysis, which identi- 
fies the contribution of each variable while allowing for 
the contribution of the other independent variables, sug- 
gested that the C9 L3 gene was associated with in- 
creased lethality (LD50 reduced by 1.5 log, P = 0.02), 
while the C9 M1IM2 decreased lethality (LD50 increased 
by 1.8 log, P = 0.01). The regression equation accounted 
for 85% (P = 0.03) of the variance in LD50. Thus, while 
substitution of the C9 L3 gene increased T3D lethality, 
the C9 M1/M2 pair had an opposite, and dominant, 
effect. 

Lethality after peroral injection 

C9 reovirus is lethal after peroral (PO) injection while 
T3D is not (Rubin and Fields, 1980; Morrison etal., 1991; 
Tyler et al., 1989); however, the genetic basis of this 
difference has not been identified. To determine whether 
the reassortants shown to be more lethal after skeletal 

TABLE 2 

Lethality* of T3D X C9 Reassortants Carrying the T3D 
SI Gene Segment 

Origin of the gene segment' 
Vims 
strain LI L2 L3 Ml M2 M3 SI SZ S3 S4 LDBO 

C9 9 9 9 9 9 9 9 9 9 9 0.5 
2.11 3 3 9 3 3 3 3 3 3 3 1.7 
1.118 3 3 9 3 3 3 3 3 9 9 2.6 
1.54 9 3 9 3 3 9 3 3 3 9 3.1 
48 3 3 9 3 3 9 3 3 3 9 3.3 
1.33 3 3 9 3 3 3 3 3 9 3 3.8 
T3D 3 3 3 3 3 3 3 3 3 3 4.0 
45 3 3 3 3 3 3 3 3 3 9 4.2 
57 3 3 9 9 9 9 3 3 9 9 4.7 
1.219 3 9 3 3 3 9 3 3 3 9 5.0 

82 3 3 9 9 9 3 3 3 3 9 5.1 
1.6 3 3 9 9 9 3 3 3 9 9 6.0 
1.71 3 3 3 9 9 9 3 3 3 9 6.0 
26 9 3 3 3 3 9 3 3 9 9 6.0 
32 9 3 3 9 9 3 3 3 3 9 6.0 

• Lethal dose 50 (LDso) in iog,o PFU/mouse, after im injection of 1-day 
old mice. 

' Parental origin of gene segment 3, gene derived from T3Di 9, gene 
derived from C9. 
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0.5 3.4 
1.7 6.4 
2.6 6.3 
4.0 >8.3 

TABLE 3 

Comparison of Lethality' after Intramuscular (IM) and Peroral (PO) 
Injection of T3D X C9 Reassortants Carrying the T3D SI Gene 

Segment 

Origin of the gene segment' 

Virus name LI L2 L3 Ml M2 M3 SI S2 S3 S4 IM LDa, PO LD^ 

C9 9999999999 
2.11 3393     3     33333 
1.118 3393     3     33399 
T3D 3333333333 

* Lethal dose 50 (LDt„) in log,o PFU/mouse, after IM or PO injection 

of 1-day old mice. 
' Parental origin of gene segment: 3, gene derived from T3D: 9, gene 

derived from C9. 

muscle injection were also more lethal after peroral 
injection, we injected groups of four to five 1-day old 
mice witti each reassortant (135 mice) at a dose at which 
C9 killed 100% of injected mice while T3D killed few 
mice. Results were calculated as percentage survival 
and compared with LDso after IM injection (Table 1). As 
was seen after IM injection, reassortants carrying the C9 
SI gene tended to be most virulent after PO injection. 
However, two viruses carrying the T3D SI gene killed 
more than 50% of the mice: 2.11, the mono-reassortant 
carrying the C9 L3 gene, and 1.118, carrying the C9 L3, 
S3, and S4 genes. These also were the T3D reassortants 
most virulent after IM injection. To quantify this result, PO 
LDBOS were calculated for these two reassortants, as well 
as forT3D and C9 (Table 3). LD50S were 3.4, 6.3, and 6.4 
logio PFU per mouse for 09, 2.11, and 1.118, respectively 
However, the highest dose of T3D (8.3 log,o PFU) was 
insufficient for an LD50. Thus, substitution of the 09 L3 
gene alone was sufficient to confer lethality after peroral 
injection to T3D, a virus normally avirulent by this route. 

Spinal cord infection after IM injection 

Ventral spinal cord neurons ipsilateral to the injection 
site are the first site of virus replication in the CNS after 
hindlimb injection (Tyler ef a/., 1986; Flamand etal., 1991). 
To determine whether T3D and 09 differed in their ca- 
pacity for spinal cord infection after IM injection, we 
injected groups of 1-day old mice with 10^ PFU of virus, 
a dose expected to kill all 09- and a few T3D-infected 
pups. Viral titer was measured in muscle, spinal cord, 
and brain tissue collected on alternate days after injec- 
tion (Figs. 2A and 2B). Both viruses replicated well in 
muscle, suggesting that differences in the capacity of 
these viruses to replicate in skeletal muscle were not 
responsible for differences in neuroinvasiveness or le- 
thality. In contrast, by 5 days postinjection there was a 4 
log difference between T3D and 09 liters in spinal cord 
and brain. This suggested that there was a difference in 
either the capacity of these viruses to spread or the 
capacity to replicate within the spinal cord. To distin- 
guish between these possibilities, and because direct 
spinal cord injection of virus was not feasible in newborn 
mice, we injected 1-day-old mice in the hindlimb with a 
100 times larger dose of each virus (iC PFU) than was 
used in our initial experiments. This dose of virus pro- 
duced measurable spinal cord titers by 24 h postinjec- 
tion (Fig. 20), suggesting that if there is a defect in 
spread it is relative rather than absolute. At this dose, 
T3D and 09 grew at a similar rate over the first 5 days 
after injection. However, at each time point, the titer of 
T3D was about 10-fold less than that of 09. These results 
suggested either that T3D might be less efficient than 09 
in the initiation of spinal cord infection, that is, while both 
grew well once infection was established, higher doses 
of T3D were required to produce comparable spinal cord 
titers, or that less virus was produced per infected cell. 

To identify the gene(s) responsible for differences in 

T3D 

r 

c 

i» 
o 

V 
i 

1 

1- 

0' 

-muscle 
"tplnalaxtl 
-brain 

r±: 
days pod infacUon 

B 
*-! 
7- 

S- 

1^ 
o 

? 
3' 

2- 

1- 

. 0- 

days post injection 

9., spinal cord 

t  T3D 
 09 

I;- .^-—1 
J3. 

'■ 

1. 

0. 

days post Injection 

FIG. 2. Virus growth after IM injection. (A, B) One-day old pups were injected with a low dose (10' PFU) T3D (A) or 09 (B) virus, and tissue collected 

for titer at various times after injection. Each point represents the mean virus titer ± standard error in muscle, spinal cord, and brain of three mice, 
from one of two experiments. (C) One-day old mice were injected with a higher dose (10' PFU) of T3D or 09. Each point represents average spinal 

cord titer ± standard error {n = 3). 
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FIG. 3. Regression analysis of the contribution of C9 genes to spinal cord tlter. Each bar represents the difference In spinal cord titer contributed 
a single gene In association with all other genes 5 days after IM Injection of T3D X C9 reassortants in 1-day old mice. *P = 0.001. 

T3D and C9 spinal cord infection, we measured viral 
titers in spinal cord tissue collected 5 days after hindlimb 
injection of three to six 1-day-old mice with 10^ PFU of 
each rea'ssortant (total 195 mice). This time point had 
shown clear differences between T3D and C9 spinal 
cord titers but lower standard deviations than Day 3 (Fig. 
2). The panel of reassortants produced a range of titers 
(Table 1). C9 produced the highest titer, while T3D fell 
midway between C9 and reassortants producing no de- 
tectable spinal cord titer at Day 5. Reassortants with the 
highest titers tended to carry the C9 L3 gene. Statistical 
analysis demonstrated a significant association between 
spinal cord titer and the derivation of the L3 (MW test, 
P = 0.028, f test, P = 0.033) and L2 (MWtest, P = 0.018, 
f test, P = 0.004) genes. Because few reassortants car- 
ried the L2 gene, additional reassortants will be required 
to confirm this result. However, the behavior of the C9 
mono-reassortant carrying the T3D L2 gene (spinal cord 
titer 3.9 logs lower than C9) supported a role for the L2 
gene in spinal cord infection. Although the S1 gene was 
implicated in lethality, it was not associated with differ- 
ences in spinal cord infection. To determine the influence 
of individual genes on Day 5 spinal cord titers, we sub- 
jected the data to linear regression analysis (Fig. 3). The 
C9 L2 gene increased spinal cord titer by 3.2 log (P = 
0.001). The C9 L3 gene increased titer by 2.0 log (P = 
0.001). The regression equation accounted for 59% of the 
variation seen in the data (/?' = 0.59, P = 0.007). Thus, 
after IM injection, the L3 gene influenced spinal cord 
infection, as it had virus lethality. The correlation be- 
tween Day 5 spinal cord titer and virus lethality was 
significant (Spearmann ranic correlation, P = 0.005; sim- 
ple regression, P = 0.001) but accounted for only 31% of 

the variance. Thus, spread to the spinal cord after IM 
injection, as measured by Day 5 virus titer, was a weal< 
predictor of reassortant lethality. 

DISCUSSION 

The neurotropic type 3 reoviruses use peripheral 
nerve fibers to invade the CNS from extraneural sites of 
infection (Tyler et al., 1986; Morrison et al., 1991). Field 
isolates, T3D and C9, are highly virulent after intracranial 
injection of neonatal mice; however, C9 is significantly 
more lethal than T3D after intramuscular injection. To 
better understand the mechanisms by which viruses 
invade peripheral nerve pathways to produce CNS dis- 
ease, we used reassortant viruses to identify virus genes 
important for differences in type 3 reovirus neuroinvasion 
following inoculation at different sites in the mouse. 

Nonrandom segregation of T3D X C9 genes 

This article is the first characterization and usage of 
T3D X C9 intratypic reassortants to identify differences 
in neuroinvasion between type 3 viruses with similar 
tropism and neurovirulence. In the panel of reassortants 
we found that certain genes cosegregated (Ml and M2) 
or were underrepresented (C9 L2). In addition, none of 
the T3D reassortants (carrying T3D S/) incorporated the 
C9 S2 gene. Nonrandom distribution of reovirus gene 
segments has been reported previously for intertypic 
serotype 1, Lang (TIL) x serotype 3 (T3D) reovirus reas- 
sortants (Nibert et al., 1996). As in our T3D x C9 reas- 
sortants, the T3D L2 gene was found in most of the 
intertypic reassortants, and the T3D L3 and T3ID S4 
genes were somewhat underrepresented. Interestingly, 
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in our panel, the two reassortants carrying the C9 L2 
gene iiad the same genotype except for the SI gene. 
Thus, a specific interaction between lambda 2 and one 
or more C9 proteins other than, or in addition to, sigma 1 
may be necessary to produce a viable reassortant. An 
increased frequency of homologous pairing of certain 
parental alleles was reported for the T1L X T3D reas- 
sortants, but not of M1 and M2, and, in no case did the 
parental alleles invariably cosegregate. The mecha- 
nisms responsible for the nonrandom nature of reovirus 
reassortment are unknown. Evidence for structural 
and/or functional interactions between reovirus proteins 
has been demonstrated by extragenic suppression of 
temperature-sensitive phenotypes (McPhillips and 
Ramig, 1984) and by identification of serotype-associated 
patterns of monoclonal antibody binding to outer capsid 
reovirus proteins (Virgin et al., 1991). 

Lethality after IM injection 

Two genes, SI and L3, were primarily associated with 
lethality differences between T3D and C9 after hindlimb 
injection. The SI gene, encoding the viral cell attachment 
protein, sigma 1, defines reovirus serolypeand is respon- 
sible for serotype-specific differences in disease pheno- 
type after intracranial injection (Weiner etal., 1980). Type 
1 reovirus infection produces a generally nonlethal 
ependymitis, while type 3 infection produces a lethal 
encephalitis (Tyler and Fields, 1996). Thus, an associa- 
tion of SI with differences in reassortant lethality is not 
surprising. Previous associations of the SI gene with 
differences in neuroinvasion using intertypicTIL X T3D 
reassortants (Tyler etal., 1986; Bodkin and Fields, 1989), 
reassortants made using T3D and an immune selected 
variant (Kaye etal., 1986), and variants selected in severe 
combined immunodeficient (SCID) mice (Haller et a!.. 
1995), all correlated with differences in virulence after 
intracranial injection. However, the difference between 
T3D and C9 lethality after IM injection was not associ- 
ated with a difference in lethality after IC inoculation. 
After IC injection, the LDso values for both T3D and C9 
are less than 10 PFU/mouse. Thus, the present identifi- 
cation of the SI gene contribution to lethality after hind- 
limb injection suggests additional roles of the sigma 1 
protein that are specific to the routes of neuroinvasion 
studied here. 

The reovirus L3 gene was a determinant of reovirus 
lethality for the IM, as well as the PO (see below), routes. 
The L3 gene product, lambda 1, is the major structural 
component of the inner shell of the viral capsid, which 
organizes the packing of the genomic RNA Lambda 1 is 
believed to act as a helicase during transcription by the 
lambda 3 protein (Reinisch et al., 2000; Bisaillon et al., 
1997; Noble and Nibert, 1997). Differences in the lambda 
1 protein may affect the stability of the virus core, a 
multienzyme protein shell which must remain intact dur- 

ing virus uncoating and transcription of single-stranded 
RNA and/or may affect enzymatic activities required for 
viral transcription in different cell types. Strain-specific 
differences in the ATPase activities associated with the 
lambda 1 protein have been found in vitro, but T3D and 
C9 have not been compared (Noble and Nibert, 1997). 
Genes encoding core proteins, including L3, have been 
shown to influence virus growth in cultured mouse heart 
cells (Matoba etal., 1991). However, no in vivo phenotype 
had been mapped to the L3 gene previously. 

The Ml and/or IVI2 gene(s) also contributed to differ- 
ences in T3D and C9 lethality and had the opposite effect 
of SI and L3. The Ml gene encodes inner capsid protein, 
mu 2, an NTPase with RNA-binding activity that forms 
part of the virus transcription complex (Brentano et al., 
1998). Reassortant analysis has linked a group of genes, 
including Ml, with virus induction of myocarditis in new- 
born mice (Sherry and Blum, 1994) and with the extent of 
replication in cultured mouse heart cells and bovine 
aortic endothelial cells (Matoba e^ al., 1993). The M2 
gene encodes a major outer capsid protein, mu 1. The 
M2 gene has been shown to influence neurovirulence 
among Type 3 strains when injected into the brain of 
newborn mice (Hrdy etal., 1982). Growth in the CNS and 
virulence was decreased in virus T3H/Ta (now T3 clone 
8), a phenotype that mapped to the M2 gene. Interest- 
ingly, a close relationship between the type 3 Ml and M2 
genes has been suggested by the extragenic suppres- 
sion of/W2 attenuation by the Ml gene and restoration of 
T3, clone 8 virulence (Jayasuriya, 1991). 

Lethality after PO injection 

In addition to demonstrating a role for the lambda 1 
protein in neuroinvasion after skeletal muscle injection, 
we also found that the C9 L3 gene confers lethality to 
T3D after peroral injection, the natural route of reovirus 
infection. T3D avirulence has been attributed to the 
sigma 1 protein, which is sensitive to cleavage by pro- 
teases and is associated with reduced virus growth in 
the intestine (Bodkin and Fields, 1989; Nibert e?a/., 1996). 
However, in our reassortants, a single C9 gene, L3, was 
sufficient to confer lethality after PO injection to a T3D 
mono-reassortant carrying the protease-sensitive T3D 
sigma 1 protein. Because the lambda 1 protein is located 
in the inner capsid, this result is not likely the result of a 
steric protection of the sigma 1 cleavage site, as has 
been suggested for the lambda 2 spike protein (Bodkin 
and Fields, 1989). However, the lambda 1, lambda 2, 
lambda 3, and sigma 1 proteins together comprise the 
structurally dynamic vertex of the viral capsid where cell 
binding, viral transcription, and extrusion of mRNA are 
localized. Thus a change in one protein in the complex 
may affect the function of another. A contribution of 
genes other than SI to T3D lethality after PO injection 
was also suggested in previous studies by Chappell et 
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al. (1997). The sigma 1 protein of a T3D variant isolated 
fronn SCID mice reveaied a single amino acid chiange 
associated witli resistance to protease cleavage. Com- 
pared to T3D, this virus showed increased growth in 
intestine but decreased growth in the brain in SCID mice. 
In neonatal mice, growth in intestine and the spread to 
the brain after PC injection were increased, but growth in 
the brain and virulence were decreased after IIVl injec- 
tion. 

Spinal cord infection after IM injection 

At low doses, T3D appeared to infect the CNS more 
slowly than C9 after hindlimb injection. However, when 
tested at higher doses, the rate of virus growth in the 
spinal cord was similar for both T3D and C9, but 10-fold 
more infectious virus particles were required to produce 
similar titers. Other studies suggest that T3D and C9 are 
both rapidly transported to the neural soma, producing 
antigen-positive neurons 14-15 h after hindlimb injection 
(Fiamand et al., 1991; Mann et al., 2002). Thus T3D and 
C9 may differ in efficiency of invasion of neonatal nerve 
terminals, or at an early step in replication in motor 
neurons. 

The difference in Day 5 spinal cord titer was associ- 
ated with the L3, and possibly the L2, gene. Together, the 
L3 and L2 genes have been associated previously with 
differences in virus growth in cardiac cell cultures (Ma- 
toba et al., 1991). Pentameric complexes of the L2 prod- 
uct, lambda 2, form hollow spikes through which inter- 
nally transcribed mRNA exits the viral particle (Nibert 
and Schift, 2001). Because lambda 2 anchors sigma 1 in 
the outer capsid and caps nascent mRNAs as they exit 
the inner core (Reinisch et al., 2000), this protein may 
influence the efficiency and/or stability of the capsid 
during binding, uptake, and targeting to endosomes, as 
well as the production of viral mRNA and its delivery to 
the host cytoplasm. The L2 gene has been previously 
associated genetically with differences in the efficiency 
of reovirus horizontal spread between infected and un- 
infected littermates (Keroack and Fields, 1986) and in 
association with the SI and Ml genes with differences in 
reovirus growth in the intestine early in PC infection 
(Bodkin and Fields, 1989). In association with the Ml 
gene, the L2 gene has been associated genetically with 
induction of myocarditis (Sherry and Blum, 1994). 

Lethality and spinal cord infection 

The set of genes determining differences in viral titers 
in Day 5 spinal cord after IM injection was somewhat 
different from that determining lethality differences by the 
same route. The L2 gene appeared to be the stronger 
determinant of spinal cord infection, yet did not signifi- 
cantly affect virus lethality. Conversely, the SI gene was 
the stronger determinant of lethality after IM injection, yet 
had no significant effect on differences in spinal cord 

titers. The M1/M2 gene pair also influenced lethality but 
not spinal cord invasion. Only the L3 gene influenced 
both lethality and spinal cord infection and was sufficient 
to rescue T3D lethality after PO injection. However, after 
im injection, the paired contribution of SI and L3 to 
lethality and of L2 and L3 to spread outweighed the 
independent contribution of L3 to each, and in the subset 
of T3D reassortants, the decrease in lethality associated 
with the C9 M1/M2 genes negated the increase associ- 
ated with L3. Functional interdependence among type 3 
proteins is suggested by the nonrandom reassortment of 
T3D and 09 genes (see above). In addition, the identifi- 
cation of serotype-specific sets of reovirus genes sug- 
gests that structure/function relationships evolve in as- 
sociation with particular virus strains (Virgin etal., 1991). 

The correlation between Day 5 spinal cord titer and 
reassortant lethality was statistically significant but low. 
Thus, these may reflect independent properties of type 3 
reovirus neuroinvasiveness. For example, virus spread 
from spinal cord to brain may occur soon after infection 
of motor neurons and thus is not directly related to 
subsequent growth in the spinal cord. Alternatively for 
some reassortants, early replication in the spinal cord 
may be dampened by Day 5 and thus would not be 
detected in our study or some reassortants may better 
utilize other pathways to infect the brain; for example, 
certain gene combinations may facilitate bloodborne 
spread. T3D and 09 also differ in their induction of 
apoptosis (Tyler, in press), and this mechanism is inde- 
pendent of virus growth. Further experiments are needed 
to determine the contributions of these mechanisms to 
spinal cord infection and lethality. 

Virus genes determining neuroinvasion after IM injec- 
tion have been identified in the herpes simplex virus. 
Two viruses, nonlethal ANG and a lethal mouse brain- 
passage derivative, ANGpath, showed similar virulence 
after 10 injection of adult mice (LD50 ~ 1 PFU), yet 
differed in neuroinvasiveness (LDBO 10' vs >10°) after 
hindlimb injection (Izumi and Stevens, 1990). This differ- 
ence correlated with restricted entry into the nervous 
system after footpad injection and mapped to the gene 
encoding glycoprotein D (gD), an envelope glycoprotein 
required for postattachment binding to a coreceptor. Be- 
cause replacement of the ANG gD with ANGpath gD did 
not fully rescue ANGpath gD X ANG recombinant vi- 
ruses to ANGpath LDso levels, other genes may also be 
involved. 

Taken together, our results suggest that both inner and 
outer capsid proteins influence reovirus neuroinvasive- 
ness. In combination with sigma 1 and mu 1 and/or mu 
2, inner capsid protein lambda 1 influences virus lethal- 
ity, and with lambda 2, influences spinal cord infection 
after IM injection. Lambda 1 also can increase the le- 
thality of T3D by the natural route of infection. 
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MATERIALS AND METHODS 

Cells 

Spinner-adapted mouse L929 (L) ceils (ATCC) were 
grown in suspension or monolayer cultures in Jokiil<'s 
modified Eagle's minimal essential medium (MEM, Irvine 
Scientific) supplemented with 5% fetal bovine serum (Hy- 
Clone Laboratories) and 2 mM t-glutamine, 1 U penicillin, 
and 1 jLtg streptomycin (Irvine Scientific) per milliliter. 

Statistical analysis 

The effect of the derivation of individual reovirus gene 
segments was analyzed by nonparametric (Mann-Whit- 
ney) and parametric (f test and multiple regression anal- 
ysis) statistical tests (Virgin etal., 1997; Tyler etal., 1996). 
Correlation was calculated by Spearmann (nonparamet- 
ric) and regression (parametric) analysis. Statistical tests 
were performed using Stat-View software (Abacus Con- 
cepts, Berkley, CA). 

Viruses 

Reovirus type 3, strain Dearing (T3D), and clone 9 (C9) 
were laboratory stocks described previously (Tyler et al, 
1989; Hrdy et al., 1979). T3D X C9 reassortant viruses 
were grown from stocks originally isolated by Ken Tyler 
and Dinah Bodkin in our laboratory. Viruses were doubly 
plaque purified and passaged in L cells to generate 
working stocks as described previously (Tyler et al., 
1985). T3D and C9 viruses were purified from infected L 
cell lysates by cesium chloride gradient centrifugation 
(Furlong ef al., 1988). 

Animals and inoculations 

One-day-old Swiss Webster (Taconic) or NIH Swiss 
(National Cancer Institute) mice received intracerebral 
inoculations (IC) into the right hemisphere or IM into the 
left hindlimb with a Hamilton syringe and 30-gauge nee- 
dle. Tissue samples were collected in gelatin-saline 
(phosphate-buffered saline, 0.3% gelatin) and stored at 
-80°C until used for viral titration. To determine virus 
lethality, at least three groups of mice (five to six mice per 
group) were inoculated by the IC or IM route with serial 
dilutions of each virus and monitored daily for signs of 
morbidity. Experiments were terminated at 21 days 
postinfection, and 50% lethal doses (LD50) were calcu- 
lated by the method of Reed and Muench (Reed and 
Muench, 1938). 

Characterization or reassortants 

L cell monolayers were infected with 10 PFU of virus 
stock per cell, and cytoplasmic extracts were prepared 
for polyacrylamide gel analysis (Tyler et al., 1985). To 
resolve certain gene segments, 6 or 10% gels were run 
on long (30 cm) gel plates. To identify the parental origin 
of closely migrating gene segments, samples were dou- 
ble-loaded into wells with T3D or 09 dsRNA. 

Determination of viral titer 

Tissue samples were frozen and thawed three times 
and then sonicated for 30 s using a microtip probe to 
homogenize the tissue. L cell monolayers in six-well 
plates (10° cells per well) were inoculated in duplicate 
with serial 10-fold virus dilutions (Tyler ef a/., 1985). 
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infected cells. This suggests an additional >A2 function that could 
contribute to vinjs attenuation. 
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Progressive Multifocal Leukoencephalopathy 
and Apoptosis of Infected Oligodendrocytes 
in the Central Nervous System of Patients 
With and Without AIDS 
Sarah M. Richardson-Bums, MS; B. K. Kleinschmidt-DeMasters, MD; Roberta L. DeBiasi, MD; Kenneth L. Tyler, MD 

Context: Progressive multifocal leukoencephalopathy 
(PML) is a demyelinating disease of the central nervous 
system (CNS) caused by JC virus (]CV) that occurs in 
immunocompromised patients. Demyelination of the CNS 
is a consequence of virus-induced killing of oligoden- 
drocytes, although the exact mechanism of cell death is 
unknown. 

Ob|ectlve: To examine archival autopsy and surgical 
pathologic specimens from 8 patients with PML, includ- 
ing 6 patients with human immunodeficiency virus 
(HlV)-associated PML and 2 patients with non-HIV- 
associated PML, for evidence of apoptosis. 

Design: Apoptotic cells were identified by TUNEL 
(terminal deoxynucleotidyl transferase-mediated de- 
oxyuridine triphosphate nick end in situ labeling) or 
immunohistochemical detection of activated caspase 3. 
The JCV-infected cells were identified by in situ hybrid- 
ization for viral transcripts or immunohistochemical 
analysis for JCV T antigen. 

ReniHs: Apoptosis of JCV-infected oligodendrocyte apop- 

tosis was a prominent feature in all cases of both HIV- 
and non-HIV-associated PML. There were no differ- 
ences between number or distribution of apoptotic cells 
identified by TUNEL or immunohistochemical analysis 
for activated caspase 3. Bizarre astrocytes were occasion- 
ally positive for JCV but were not apoptotic. Neurons, 
astrocytes, macrophages, and oligodendrocytes remote 
from lesions were neither apoptotic nor JCV infected. 

Cenclusienf: Our study demonstrates that apoptosis 
occurs in oligodendrocytes associated with demyelin- 
ated lesions of patients with both HIV-associated and 
non-HIV-associated PML. There were no differences in 
degree, location, or type of infected or apoptotic cells 
between patients widi HIV-associated and non-HIV- 
associated PML. The extent of apoptosis did not corre- 
late with the presence or intensity of host inflammatory 
response. Accumulation of viral particles in nuclei of 
infected cells made it difEicult to identify morphologic 
changes in the nucleus typically associated with apop- 
tosis. 
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PROGRESSIVE MULTIFOCAL leu- 
koencephalopathy (PML) is 
a fatal, demyelinating cen- 
tral nervous system (CNS) 
disease caused by JC virus 

OCV), a human polyoma virus.^"' Sero- 
epidemiologic studies indicate that ap- 
proximately 80% of the US population has 
developed antibodies to JCV by adult- 
hood. Initial infection with JCV is usu- 
ally asymptomatic and is followed by vi- 
ral latency. Clinically, symptomatic 
infection that results in PML is thought to 
be caused by immunosuppression- 
associated reactivation of latent virus ei- 
ther within the CNS or at extraneural sites 
with subsequent spread to the CNS.'-'' 

Progressive multifocal leukoen- 
cephalopathy is characterized by mul- 
tiple foci of demyelination, located pre- 
dominantly in the white matter or near 

the gray-white matter junction. The car- 
dinal pathologic features of PML include 
enlarged hyperchromatic nuclei of oligo- 
dendroglia with viral inclusions, atypical 
enlarged bizarre astrocytes, and a vari- 
able degree of lymphocytic inflammatory 
response.*'^'"' Clinically, PML often pre- 
sents with motor weakness, speech dis- 
turbances, visual impairment, and cogni- 
tive abnormalities. 

Progressive multifocal leukoencepha- 
lopathy occurs in individuals severely im- 
munocompromised by infection with hu- 
man immunodeficiency virus (HIV), 
lymphoproliferative or myeloprolifera- 
tive diseases, hematologic malignancies, 
various solid tumors, or treatment with im- 
munosuppressant medication.'-^ In re- 
cent years, HIV infection has become the 
dominant underlying disease associated 
with PML, which develops in approxi- 
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Table 1. Summary of Patient Information* 

Case No./ Autopsy (A) or 
Sex/Age, y Predisposing Factor Biopsy (B) Ourationt Comments 

. iwm9 Ctironic myelogenous leukemia, immunosuppressant drugs B imo Autopsy was 7 mo after biopsy 
1A A 7 mo Cord blood transplantation in February 1999; GVHD:|:; 

biopsy for PIVIL In July 2000 
2MI65 ijrge cell undifferentiated iung carcinoma A 10d ... '          ) 
3/IW32 HIV positive B MD Inflammatory PiVIL 

.  4*40 HiV positive for 13 y A •3 mo -Undergoing HAART for 4 rfio 
',5flW35 HiV positive A ND Inflammatoiy PML 

fi/F/23 HIV positive for 4 y A 2 mo Died of bronchopneumonia 
', 7/1W27 HIV positive A 5 mo 

8/42Afl HIV positive A 8 mo 

*HIV Indicates tiuman immunodeficiency virus; ND, no data available; GVHD, graft-vs-host disease; PML, progressive multifocal ieukoencephalopathy; and HAART, 
lilghly active antiretroviral therapy. 

tDuration of illness after first clinical presentation with PML symptoms before biopsy or autopsy. 
iPatlent developed GVHD while taking immunosuppressant medication. 

mately 3% of patients with acquired immunodeficiency 
syndrome (AIDS).^*-'" 

The demyelination associated with PML is second- 
ary to death of JCV-infected ohgodendroglia. The mecha- 
nism of JCV-induced oUgodendrocyte cell death is un- 
known. It is also unclear whether only infected 
oligodendrocytes die or whether virus can also induce 
death in neighboring uninfected cells (the bystander 
effect). 

Apoptosis is a distinct form of cell death in which 
affected cells undergo characteristic morphologic and 
biochemical changes, including cytoplasmic shrinkage, 
condensation and fragmentation of nuclear chromatin, 
membrane alterations, and changes in gene and protein 
expression."" Almost all forms of apoptosis are associ- 
ated with sequential activation of cysteine-aspartyl pro- 
teases (caspases) by extracellular and/or intracellular 
stimuli. These proteases cleave numerous cellular sub- 
strates, leading to oligonucleosomal DNA fragmentation 
and the other morphologic hallmarks of apoptosis."" 

Apoptosis has been implicated in glial loss in de- 
myelinating diseases, including multiple sclerosis*''" and 
experimental allergic encephalomyelitis.'' Apoptosis also 
occurs in virus-induced demyelinating diseases as ex- 
emplified by Theiler virus infection^'^' and measles virus- 
associated subacute sclerosing panencephalitis.^ Apop- 
tosis of glia and neurons also occurs following infection 
with a variety of other neurotropic viruses.^" Given the 
propensity for several neurotropic viruses to cause apop- 
tosis, we attempted to determine whether PML was also 
associated with apoptosis. Knowing the pivotal role of 
oligodendrocyte damage in demyelinating disorders, we 
hypothesized that apoptosis might be the mechanism of 
oligodendrocyte death in PML. 

Mi:iHODS 

PATIENT INFORMATION 

The autopsy, surgical pathologic specimens, and consultation 
files in the pathology department of the University of Colo- 
rado Health Sciences Center, Denver, were searched for au- 
topsy and surgical pathologic cases of PML diagnosed during 
the past 20 years (TabI* 1). Cases were excluded based on 

(1) insufiicient volume of tissue available for analysis (as was 
the case for many stereotactic biopsy specimens) or (2) the lack 
of availability of paraffin tissue blocks for preparation of freshly 
cut sections. Eight cases were identified that met clinical and 
pathologic criteria for PML, including typical clinical and neu- 
roimaging findings and the presence of demyelination, inclusion- 
bearing oligodendrocytes, and bizarre astrocytes. In all cases, 
JCV transcript was detected in brain tissue by In situ hybrid- 
ization (ISH). One of the patients (case 1) had both biopsy and 
autopsy tissue available for study. Cases included 2 patients with 
non-HIV-associated PML (cases 1-2) and 6 patients (cases 3-8) 
with HIV-associated PML. Only one of the AIDS patients (case 
4) was receiving highly active antiretroviral therapy (HAART) 
at the time of diagnosis of PML. Two patients with HIV- 
associated PML (cases 3 and 5) had pathologic evidence of in- 
flammatory PML characterized by die presence of significant 
perivascular lymphocytic inflammation.' 

JCV IN SITU HYBRIDIZATION 

Sections were deparafiinized as described for immunohistochemi- 
cal analysis. Tissue was digested with the enzyme Pronase I (Ven- 
tana Medical Systems Inc, Tucson, Ariz) (20 minutes at 37°C), 
washed in diediylpyrocarbonate-treated water, and then incu- 
bated with 50 to 100 mL of JCV probe (Enzo Biochem Inc, Faim- 
ingdale, NY) (2 hours at 37°C) prepared according to the manu- 
facturer's insttuctions. Slides were then washed in Tris-buffered 
saline (TBS), immersed in prewarmed stringency wash (Dako Cor- 
poration, Carpinteria, Calif) (30 minutes at 48°C), rewashed in 
TBS, and then incubated with Strept-avidin/AP (Dako) (10 min- 
utes at 37''C). Slides were then washed in TBS, incubated with 
nitroblue tetrazolium/NaP substrate solution (Novocastra; Vec- 
tor Laboratories Inc, Burlingame, Calif) (30 minutes at 37°C), 
washed in deionized water and counterstained with nuclear fast 
red (Dako), dehydrated in graded ethanols followed by xylene, 
and then permanendy mounted. 

IMMUNOHISTOCHEMICAL ANALYSIS 
FOR ACTIVATED CASPASE 3 

AND CELL-TYPE SPECIFIC MARKERS 

Brain tissue sections were deparafiinized by baking for 5 min- 
utes at 57°C, immersion in mixed xylenes, then rehydrated in 
graded alcohols. Tissue sections then underwent antigen re- 
trieval (10 mM citrate buffer, 10 minutes at 90°C) followed by 
incubation with 3% water (4 minutes at 37^) and blocking 
with5%normalgoat serum in phosphate-buffered saline (PBS). 
Immunocytochemical analysis was performed using a pri- 
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mary antibody specific for the activated form of caspase 3 (Cell 
Signaling Technology Inc, Beverly, Mass) diluted 1:25 in PBS 
containing 3% bovine serum albumin (BSA; Sigma-Aldrich Cor- 
poration, St Louis, Mo) (30 minutes at 37°C). Binding of pri- 
mary antibody was detected using biotinylated secondary an- 
tibody followed by avidin-HRPO (Ventana Medical Systems Inc), 
using diaminobenzidine (DAB; Ventarw Medical Systems Inc) 
as substrate. Immediately following the DAB reaction, sec- 
tions were incubated with the second primary antibody against 
CD3 or glial flbrillary acid protein (GFAP) (Dako), both at a 
1:100 dilution. Binding of second primary antibodies was de- 
tected using biotin-avidin-alkaline phosphatase secondary an- 
tibody and labeling substrate. Sections were counterstained with 
Gills 2 (1:9 dilution, Ventana Medical Systems Inc). All reac- 
tions were performed using the automated staining system (Ven- 
tana Medical Systems Inc). 

TUNEL 

A biotin-streptavidin-based TUNEL (terminal deoxynucleo- 
tidyl transferase-mediated deoxyuridine triphosphate nick end 
in situ labeling) kit optimized for neuronal tissues was used 
(NeuroTACS II; Trevigen Inc; Gaithersburg, Md). Deparaf- 
finized brain tissue sections were permeabilized with Neuro- 
pore (Trevigen Inc) (30 minutes at room temperature), then 
samples were incubated at 37"'C with a mixture of terminal de- 
oxynucleotidyl transferase (TdT), deoxynudeotriphosphates 
conjugated to biotin, Mn^*, and TdT reaction buffer for 1 hour. 
After stopping the TdT reaction and washing, the tissues were 
incubated 30 minutes at room temperature with streptavidin- 
conjugated horseradish peroxidase, washed, immersed in DAB 
diluted in PBS solution for 5 minutes at room temperature, then 
counterstained with blue counterstain (Trevigen Inc). The DAB- 
stained samples were dehydrated in a series of ascending etha- 
nol concentrations followed by mixed xylenes, air-dried, per- 
manently mounted, and stored at room temperature until 
imaging. 

DUAL-LABEL FLUORESCENCE WITH TUNEL 
AND A SINGLE ANTIBODY 

Tissue sections were permeabilized with Neuropore, a non- 
. proteolytic permeabilization and blocking reagent (Trevigen Inc) 
for 30 minutes at room temperature then washed in TBS (140 
mM sodium chloride, 20 mM Tris, pH 7.6), and nonspecific 
binding was blocked with 2% BSA (Sigma-Aldrich Corpora- 
tion) diluted in Neuropore for 30 minutes at room tempera- 
ture, then incubated (overnight at 4°C) with antibody against 
SV40 large T antigen (Oncogene Research Products, San Diego, 
CaliO diluted in 1% BSA containing Neuropore. The next day, 
TUNEL reactions were performed as described herein, except 
that after stopping the TdT reaction and washing, the samples 
were incubated with a mixture of streptavidin-Cy3 Qackson Im- 
munoresearch Laboratories Inc, West Grove, Pa) to detect 
TUNEL and secondary antibody (1:100) conjugated to fluo- 
rescein isothiocyanate Qackson Immunoresearch) to detect the 
SV40 antibody. Finally, samples were incubated with 100 ng/mL 
of Hoechst 33342 (Molecular Probes Inc, Eugene, Ore) for 10 
minutes at room temperature in the dark as counterstain, washed 
in PBS, mounted with anti-fade media, and stored in the dark 
at -20°C until imaging. 

In each patient, we assessed the presence or absence of 
apoptosis in cells from brain regions affected by PML as 
identified by histologic criteria and from brain regions 

that were remote from demyelinating lesions and ap- 
peared histologically normal. The CNS cells infected with 
JCV were easily identified by ISH using a JCV riboprobe 
in all 8 patients (Figure IA and B). Apoptotic cells were 
detected in areas of PML lesions in all 8 patients but not 
in brain regions remote from these lesions (data not 
shown). There were no differences between the number 
and the distribution of apoptotic cells identified by TUNEL 
or the presence of activated caspase 3. Accumulation of 
viral particles in the nuclei of infected cells made it im- 
possible to identify morphologic changes in the nucleus 
typically associated vrtth apoptosis, such as nuclear pyk- 
nosis or karyorrhexis. Staining results from all patients 
studied are summarized in Table 2. 

In all 8 cases, most apoptotic cells were identified as 
oligodendrocytes by their morphologic structure, loca- 
tion, and absence of GFAP immunohistochemical stain- 
ing. These cells were most abundant at the periphery, rather 
than in the center, of demyelinated lesions (Figure 1C and 
D). The number of JCV-infected oligodendrocytes corre- 
sponded to the number of apoptotic cells, suggesting that 
nearly all apoptotic cells were JCV infected and that in- 
fection with JCV induced apoptosis. Both HIV-associated 
and non-HIV-associated cases were otherwise similar in 
the distribution and cell-type specificity of infection and 
apoptosis. 

In case 1, from which both biopsy and autopsy tis- 
sue was available, the biopsy tissue showed many oligo- 
dendrocytes containing inclusions on hematoxylin-eosin- 
stained sections, which were positive for JCV by ISH and 
often apoptotic (Figure 2A and B). In contrast, in sec- 
tions prepared from tissues obtained at autopsy 7 months 
later, significantly fewer infected oligodendrocytes were 
present, and apoptotic cells were more rare. In the au- 
topsy samples, numerous bizarre astrocytes were iden- 
tified in the lesions and about half of these were positive 
for JCV by ISH but were not apoptotic (Figure 2C and 
D). Neurons, normal astrocytes, and macrophages were 
not fouiid to be JCV infected by ISH or apoptotic in any 
of the 8 cases examined. 

In an effort to better define the nature of the apop- 
totic cells in PML lesions, we performed dual-label im- 
munohistochemical analysis with caspase 3 and GFAP. 
Bizarre atypical astrocytes, reactive astrocytes, and normal- 
appearing astrocytes were all GFAP positive, yet these 
cells were not apoptotic. Atypical bizarre astrocytes but 
not normal-appearing or reactive astrocytes were fre- 
quently found to be positive for JCV infection by ISH 
(Figure 2D). 

We also performed co-labeling for apoptosis (caspase 
3 or TUNEL) and JCV infection. Serial tissue sections (4 
mm apart) were examined for JCV-infected cells using 
antibody to SV40 large T-antigen and apoptotic cells 
(TUNEL). Unfortunately, because of technical incom- 
patibility between the required protocols, it was not pos- 
sible to perform TUNEL or caspase 3 immunocytochemi- 
cal analysis on sections in which JCV infection was 
identified by ISH. Using combined SV40 T-antigen and 
apoptosis staining, we found several examples of dual- 
positive (antigen and TUNEL) cells (Figure 3). In all 
cases in which we performed dual staining, most cells 
positive foi: JCV T antigen were also TUNEL positive, sug- 
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Hgure 1. JC virus (JCV)-infected and apoptotic cells In progressive multlfoca! leukoencephalopathy (PML). Brain tissue sections from 2 patients with PML 
demonstrating numerous JCV-infected cells by In situ hytiridlzation for JCV. Brain tissue ceils that were XV positive (daric blue) from case 5 (A) (original magnification 
x100) and case 6 (B) (original magnification x400). Tissue sections from 1 patient (D) (case S) (original magnification x400), demonstrating apoptotic 
oligodendrocytes (brown; an-ows) detected by TUNEL (temiinal deoxynucleotidyl transferase-mediated deo)^ridine triphosphate nick end in situ labeling), which are 
predominant^ found at the periphery of lesions rather than in the demyellnated center where oligodendrocytes are absent (C) (original magnification x100). 

; Table 2. Summary Of Staining Results* 

JCV Infection Apoptosist 

'i        ',      -       '     ■'   •■ .•    ISH •   . 
1 

IHC 

Oligodendrocytes Aslroeytes 
 1 

Neurons ' 1 Casa No.           - l91igodendrocyte» Astra cytes Leslonal Remote Bizarre          Normal 

I'.;;-MA • •         .,.■■+' 
<-   ,.1B       ■         -'..•+      ■     "  • - 

;     6   ■'    ■ *        + 
i   "7    !- "   ■,      + 
f.   ■   8          ••, '             ,+ 
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+/- 

+ 
+ 

+ 
+ 
+ 

ND 
+ 
+ 

•+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 

- 

+/- 

+/-     ,   ; -, 
'''«'"         ;   i 

-  ,   ,    -   ' -     . , 

.*JCV indicates JC virus; ISH, In situ hybridization; IHC, Immunohlstochemical analysis; plus sign, positive; plus and minus sign, rare positive; minus sign, 
negative; and ND, not done. 

tAII cases showed apoptotic cells as identified by both the presence of the active fragment of caspase 3 and TUNEL (see Figure 1 foohiote for expansion). 

gesting that most productively infected cells were un- 
dergoing apoptosis. The rare examples of cells positive 
for T antigen and negative for TUNEL may represent a 

population of infected cells not yet undergoing apopto- 
sis. The relative insensitivity of SV40 T-antigen staining 
compared with ISH (data not shown) for identifying JCV- 
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Figure 2. Oligodendrocytes containing viral inclusions were positive for JC virus (JCV) and apoptosis; in contrast, bizarre atypical astrocytes were occasionally JCV 
infected but were not apoptotic (original niagnlficatlon x400). Biopsy tissue sections from case 1, demonstrating oligodendrocytes positive for JCV transcripts (daric 
purple) (A) and apoptotic oligodendrocytes positive for activated caspase 3 (brown) (B). Autopsy tissue sections from case 1, demonstrating bizarre atypical astrocytes 
that were JCV infected (dark purple) (C). Tliese bizarro atypical astrocytes were not apoptotic as demonstrated by dual-label Immunohistochemlcal analj^ls showing no 
colocaiization between gilai fibrlllary acid protein-positive (red; blue arrows) bizarre astrocytes and cells positive for activated caspase 3 (brown; black arrows) (D). 

infected cells prevented accurate quantification of the 
percentage of infected cells that were also apoptotic and 
vice versa. 

We next attempted to determine whether inflam- 
matory cells were also undergoing apoptosis. We per- 
formed dual-label immunohistochemlcal analysis to de- 
tect CDS and active caspase 3. The extent of inflammation 
was variable in AIDS and non-AIDS patients, although 
one AIDS patient (case 5) had a significant perivascular 
lymphocytic response consistent with the diagnosis of 
inflammatory PML.' Neither CD3* cells nor infiltrating 
macrophages were found to be JCV infected by ISH in 
any patient. Rare CD3* cells and CD3' lymphocyte- 
appearing cells (presumably B lymphocytes) were posi- 
tive for activated caspase 3, indicating that apoptosis of 
these cells was occurring (data not shown). Apoptotic 
macrophages were not seen. There was no increase in the 
number of apoptotic cells in areas adjacent to lympho- 
cytic collections, suggesting that the host immune re- 
sponse, regardless of its intensity, did not contribute sig- 
nificantly to apoptosis in other cells. 

COMMENT 

Our study demonstrates that apoptosis occurs in brain 
tissue of patients with both HIV-associated and non- 
HlV-associated PML. Apoptosis was limited almost ex- 
clusively to oligodendrocytes associated with demyelin- 
ated lesions. The number and distribution of apoptotic 
oligodendrocytes closely paralleled the number and dis- 
tribution of infected oligodendrocytes as determined by 
JCV ISH, suggesting that apoptosis was the major mecha- 
nism responsible for cell death. Apoptosis as deter- 
mined by TUNEL and immunohistochemlcal analysis for 
activated caspase 3 was rarely seen in the bizarre astro- 
cytes present in PML lesions, even though these cells were 
JCV infected. Because only oligodendrocytes support pro- 
ductive JCV infection, this suggests that productive in- 
fection may be required for JCV-induced apoptosis.^' 

Apoptosis only occurred in cell types infected byJCV 
and was not seen in uninfected cells within PML lesions 
(eg, neurons) or in any cells in areas of the brain remote 
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Figure 3. Apoptotic cells were also positive for viral T antigen (original magnification x400). Dual-label Immunohistochemical analysis and TUNEL (tetminai 
deoxynucieotidyl transferase-mediated deoxyuridine triphosphate nick end in situ labeling) in a tissue section from case 7, demonstrating that Infected cells 
(green; anti-SV40 large T antigen) are undergoing apoptosis (red; TUNEL). These double-labeled cells appear yellow In the merged image. Hoechst 33342 
chromatin dye (blue) Is the counterstaln. 

from demyelinative lesions. This indicates that apopto- 
sis occurs as a direct consequence of viral infection and 
is not an indirect consequence of the severity of patient 
illness or other associated factors, such as hypoxia, hy- 
potension, or ischemia. This is further supported by a 
previous study that indicated that JCV-infected oligo- 
dendrocytes overexpress p53 and Bax (a proapoptotic pro- 
tein) and do not express Bcl-2 (an antiapoptotic protein).'^ 
Apoptosis also did not correlate with the degree of the 
host inflammatory response, although occasional infil- 
trating lymphocytes were found to be apoptotic. 

Although our study clearly indicates that apoptosis 
is a major mechanism of oligodendrocyte death in PML, 
there are some potential limitations in our study. For ex- 
ample, we used biochemical rather than morphologic 
markers to identify apoptotic cells, because it was diffi- 
cult to accurately evaluate nuclear pyknosis and karyor- 
rhexis in JCV-infected cells due to die concomitant pres- 
ence of potentially confounding virus-induced changes 
in the nucleus. In addition, the absence of specific mark- 
ers for necrotic cell death comparable to diose used to 
detect apoptosis meant that it was not possible to accu- 
rately quantify the relative contribution of apoptosis and 
necrosis to oligodendrocyte death. However, our find- 
ing that most cells positive forJCV T antigen are also un- 
dergoing apoptosis strongly suggests that it is apoptosis 
rather than necrosis that is the primary mechanism of 
oligodendrocyte cell death in JCV-infected cells in PML 
lesions. 

We did not find significant differences in apoptosis 
between AIDS and non-AIDS patients or among pa- 

tients with variable PML-associated inflammatory re- 
sponses. Two patients with prolonged survival, includ- 
ing an AIDS patient who received HAART (case 4) and a 
non-AIDS patient (case 1), had increased numbers of in- 
fected atypical bizarre astrocytes and a reduced number 
of infected oligodendrocytes as determined byJCV ISH 
in autopsy tissue. The reduction in infected oligoden- 
drocytes may be a consequence of HAART and/or pro- 
longed survival with the disease.^-''^' 

Oligodendrocyte death is the key initiating event re- 
sponsible for the demyelination that is the cardinal patho- 
logic feature of PML. We now show that JCV-infected 
oligodendrocytes die as a result of apoptosis. Elucidat- 
ing the specific cellular pathways associated vnth JCV- 
induced oligodendrocyte apoptosis may reveal novel tar- 
gets for therapy of this devastating disease. Most apoptotic 
signaling pathways involve activation of caspase cas- 
cades that originate with pathway-specific initiator 
caspases (eg, caspase 8 and 9), which converge on com- 
mon downstream effector caspases (eg, caspase 3).""i^^ 
Effector caspases in turn act on cellular substrates to 
induce the morphologic changes in cellular mem- 
branes, cytoskeletal proteins, and chromatin that are the 
hallmarks of irreversible commitment to cell death. It is 
conceivable that if caspase activation could be inhibited 
at an early stage then some JCV-infected oligodendro- 
cytes may be able to recover and survive. Support for the 
feasibility of this strategy comes from studies in which 
caspase inhibitors have been used successfully to pro- 
tect neurons from apoptosis triggered by a variety of in- 
citing stimuli, both in vivo and in vitro.^''''^ 
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Central Nervous System Apoptosis in Human Herpes Simplex Virus 
and Cytomegalovirus Encephalitis 
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Central nervous system (CNS) specimens from 10 immunocompetent patients with herpes 
simplex encephalitis (HSE) and 3 infants with congenital cytomegalovirus (CMV) encephalitis 
were analyzed to determine whether apoptosis is a feature of CNS injury in these patients. 
Apoptotic neurons and glia were detected in significant numbers in acute HSE and CMV 
encephalitis. Occurring predominantly in areas of productive viral infection, apoptosis ap- 
peared to result from direct viral injury to neurons and was not dependent on inflammatory 
T cell responses. In contrast to patients with acute cases, patients with late sequelae of HSE 
or CMV had no detectable virus and minimal neuronal or glial apoptosis, regardless of the 
degree of inflammation. This is the first demonstration of apoptotic neuronal death in humans 
with HSE. These results suggest that neuronal apoptosis is an important contributing factor 
to acute CNS injury and may serve as a novel therapeutic target in these patients. 

Apoptosis is a distinct mechanism of cellular death which 
has been increasingly implicated in the pathogenesis of a wide 
variety of acute and chronic neurological diseases, including 
stroke, epilepsy, traimiatic brain injury, and neurodegenerative 
diseases [1-3]. Apoptosis is also an important virus-induced 
mechanism of neuronal injury and death in infected neuronal 
cell cultures in vitro and in experimental models of viral central 
nervous system (CNS) in vivo infection [4, 5]. Among neuro- 
tropic viruses that have been shown to induce neuronal and/ 
or glial apoptosis are arboviruses [6-13], bomaviruses [14], her- 
pesviruses [15], lentivinises [16, 17], paramyxoviruses [18-20], 
reoviruses [21], picomaviruses [22], rhabdoviruses [23-25], and 
togaviruses [26-32]. Despite the wealth of evidence supporting 
the importance of apoptotic cell death in experimental systems, 
its importance as a mechanism of cellular and tissue injury 
during human CNS viral infection remains poorly understood. 
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Studies of virus-induced apoptosis in the human CNS has 
largely been limited to evaluation of immunodeficient patients 
with human immunodeficiency virus (HrV)-associated neuro- 
logical deficits [33-42]. To our knowledge, the only other viral 
infection in which apoptosis has been evaluated in human CNS 
tissues is in patients with subacute sclerosing panencephalitis 
(SSPE) following measles virus infection [43]. Although virus 
has been directly implicated in neuronal and/or glial apoptotic 

death in patients with HIV or SSPE, these findings are not 
clearly applicable to the more common situation of acute en- 
cephalitides affecting immunocompetent hosts, because, in both 
HlV-associated CNS disease and SSPE, it is difficult to separate 
the impact of an altered immune response from the direct effects 
of acute viral infection On neuronal and/or glial cells. 

The focus or our study was to investigate whether apoptosis 

is an important mechanism of CNS damage in immunocom- 
petent patients suffering from herpes simplex virus (HSV) en- 

cephalitis and infants with congenital cytomegalovisu (CMV) 
encephalitis, 2 of the most common causes of acute viral en- 
cephalitis in nonimmunocompromised hosts. Herpes simplex 
encephalitis (HSE) has classically been described as a necrotiz- 

ing process; however, this designation antedated understanding 
of the distinction between necrotic and apoptotic cellular death. 
Significant advances in our understanding of the pathogenesis 
of this disease have occurred in the past decade, but, despite 

the availability of acyclovir therapy, clinical outcomes from 

HSE are still suboptimal, with 20% mortality and 40% prev- 
alence of resultant neurologic deficits in affected patients [44]. 

Multiple investigators have confirmed the apoptosis-modulat- 
ing effects (both pro- and antiapoptotic) of HSV infection and 

gene products in various cell lines in vitro [45-52], including 
neurons [53, 54]. Neuronal apoptosis has also been shown to 
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occur in HSV-infected animals [15,55], but the role of apoptosis 
in HSV-induced CNS damage in humans remains unknown. 

CMV infection is the most common congenital infection af- 
fecting humans, creating a risk of severe injury to the infected 
fetus [56]. Up to 10% of infants bom to mothers with primary 
CMV infection are symptomatic at birth: 10% of symptomatic 
infants die, and 80% of survivors suffer severe neurological 
morbidity (9000 infants each year in the United States) [57, 
58]. CMV encephalitis is also an important opportunistic in- 
fection in HIV-infected patients but is rarely recognized in im- 
munocompetent adults and older children, whose immune sys- 
tems are more developed than that of newborn infants [59]. 
Pathologically, encephaUtis occurs in a periventricular pattern 
and may further cause polymicrogyria and hydrocephalus. 
Multiple investigators have identified both pro- and antiapop- 
totic effects of CMV infection and gene products in a variety 
of cell lines in vitro [60-67], which include neurons [68, 69]. 
The study of murine CMV infection in the developing mouse 
brain in vivo has revealed apoptosis in microglia/macrophages 
and uninfected cells to a greater degree than in infected cells 
[70], but a murine model of CMV retinitis has revealed signif- 
icant apoptosis of both infected and uninfected cells [71]. A 
study of apoptosis in humans with CMV infection has been 
limited to HIV patients with CMV retinitis, in which apoptosis 
was found to contribute significantly to retinal ceU loss [72]. 
There have been no attempts to determine the role of apoptosis 
in the CNS damage characteristic of infants suffering from 
congenital CMV CNS infection. This study is the first dem- 
onstration of CNS apoptosis in patients with acute HSE and 
congenital CMV infection. 

Subjects, Materials, and Methods 

Specimen Selection and Patient Description 

Case subject. Archived autopsy and surgical biopsy CNS tis- 
sues were collected from case subjects with human HSV and CMV 
encephalitis in immunocompetent hosts from University of Colo- 
rado Health Sciences Center-affiliated hospitals. Case subjects were 
carefully chosen to include only those in which a definitive diag- 
nosis of specific viral infection had been previously confirmed by 
culture, pol5Tnerase chain reaction (PCR), or detection of viral 
antigen in brain tissue. In some cases, supportive serologic studies 
or culture of virus from other sites were available. Only well-studied 
case subjects with definitive diagnoses were included for analysis 
in this study. Furthermore, only case subjects for which adequate 
amounts of tissue remained for serial sectioning, as described below, 
and with adequate preservation for immunohistochemical analysis 
were included. 

The majority of acute HSV cases occurred in children and young 
adults with no known underlying disease or other predisposing factor. 
One case occurred in an individual being treated with combination 
drug therapy for atypical mycobacterial pulmonary infection. Al- 
though no specific immunologic deficit could be identified in this 

patient, the neuropathological features were similar to those reported 
in HSV-infected immimocompromised individuals. In these patients, 
it has been noted that there is a lack of inflammatory cell response 
and widespread pseudoischemic neuronal changes in association with 
large numbers of viral bearing cells [73]. We chose to include this 
case because it provided a rare opportunity to assess apoptosis in 
the absence of an inflammatory response. 

The CMV cases analyzed were all congenital CMV infections, 
since immunocompetent adults are only rarely affected [59]. CMV 
infections in immunocompromised patients, including those with 
underlying HIV infection or malignancy, were specifically excluded. 

In addition to selecting patients with acute HSV and CMV CNS 
infection, we also wished to analyze patients with neurologic se- 
quelae ocouring months to years after severe CNS herpetic infec- 
tion, to assess the potential persistence of apoptotic injury. Three 
such patients with remote HSV infection were identified, with CNS 
abnormalities consisting of severe neuronal loss, gliosis, and cav- 
itation in bilateral temporal lobes, as well as varying degrees of 
persistent lymphocytic inflammation. Two patients were identified 
with subacute and remote CMV infection (weeks to years following 
acquisition of virus), both of whom had severe gyral anomalies. 
Demographic and clinical information for these patients is sum- 
marized in table 1. 

Exclusions. Cases in immunocompromised individuals were spe- 
cifically excluded, including those in which the patient had 1 of the 
3 most common immunocompromising conditions: congenital im- 
munodeficiency, underlying malignancy, or HIV infection. We felt 
that it was particularly important to exclude HIV-infected patients 
with secondary herpetic infection, since it would be difficult to discern 
the specific contribution of each virus in the pathogenic process. Case 
subjects were also rejected because of inadequacy of tissue samples 
available for sequential sectioning or tissues with compromised in- 
tegrity that precluded immxmohistochemical analysis. 

Control cases. Control cases, as described above, included pa- 
tients in whom infection was clearly implicated by the above criteria 
but in whom infection was remote at the time biopsy/autopsy tissue 
was obtained. Additional control cases included assessment of base- 
line neuronal apoptosis in normal autopsy brain tissues (normal 
hippocampus) from patients at various ages of neurodevelopment 
(infancy to late adulthood). This was important for interpretation 
of the significance of occasional apoptotic neuronal/glial cells noted 
in some remotely-infected patients, as well as for determination of 
baseline age/developmental stage-specific neuronal/glial apoptosis 
levels in uninfected patients. 

Immunohistochemical Evaluation 

A protocol of serial sectioning was undertaken from each tissue 
block, so that mirror-image sections could be assessed for specific 
virus, presence of apoptosis, and presence of inflammatory T cells. 
Consecutive sections were cut (4 /tm thick) from formalin-fixed, 
paraffin-embedded tissue blocks. When available, multiple sections 
(up to 5) from a given case patient were analyzed as a further 
experimental control, including areas both histologically involved 
and uninvolved in the infectious process. Sections were deparaffin- 
ized and rehydrated using standard methods and then evaluated 

a 



JID2002;186(I December) Apoptosis in Human HSV and CMV Encephalitis 1549 

Table 1.    Demographic and clinical sximmary of patients with herpes simplex virus (HSV) and cytomegalovirus (CMV) central nervous 
system infection. 

Virus, 
disease stage, 
patient Age, sex Clinical summary 

Seizures and coma (encephalitis) 
Encephalitis 
Fever, seizures 27 days after traumatic brain injury 
Meningoencephalitis 
Right temporal lobe mass and edema with near-hemiation 
Fever, altered mental status, focal and generalized seizures, focal neurologic findings after 10-year history of pulmonary atypical 

mycobacteria disease while receiving chronic medication regimen 
Edematous right hemisphere after Escherichia coli sepsis 

Persistent seizure disorder and hemiparesis (HSE 12 years before) 
Postherpetic neurologic deficits, language and memory deficits, confusion, gait disturbance (HSE 1 year before) 
Postherpetic encephalitis dementia, aggressive behavior (HSE 3 years before) 

Congenital CMV infection with oligohydramnios, fetal ascites, hydrocephalus, multiple intracranial hemorrhages first noted 1 
week prior to TAB 

Congenital CMV infection with oligohydramnios, fetal ascites, hepatomegaly with extramedullary hematopoesis, and polymi- 
crogyria; high maternal CMV IgG with negative IgM, suggesting infection approximately 6-8 weeks prior to testing 

Previous congenital CMV infection with resultant hydrocephalus, left hemispheric atrophy, micropolygyria, profound retarda- 
tion, deafness, blindness, spastic quadriplegia; symptomatic since 1 day of age 

Acute 
1 19 months, M 
2 8 years, M 
3 12 years, F 
4 17 years, M 
5 19 years, M 
6 66 years, M 

7 72 years, F 
Remote 

8 25 years, F 
9 68 years, F 
10 85 years, F 

CMV 
Acute 

11  ■ 25-week EGA 
fetus, M 

Subacute 
12 23-week EGA 

fetus, F 
Remote 

13 3 years, F 

NOTE.    EGA, estimated gestational age; HSE, herpes simplex encephalitis; TAB, therapeutic abortion. 

by the following techtiiques by at least 2 independent observers in 
a blinded fashion. 

Hematoxylin-eosin (HE) stain. A standard protocol was util- 
ized for general histological definition, evidence of viral inclusion 
bodies (Cowdry A), inflammatory T cell infiltrate, and anoxic 
damage. 

Virus-specific itwnunohistochemistry. We analyzed all sections 
for the presence and distribution of specific productive viral infec- 
tion. After antigen retrieval (sections microwaved for 4 min in 
citrate buffer) and blockade of endogenous peroxidase activity (3% 
H2O2 for 4 min at 37°C), sections were incubated in either HSV- 
specific antibody which recognizes HSV-1 and -2 (B0114/B0116, 
DAKO; 1:800 dilution, 32 min at 37°C) or CMV-specific antibody 
(MAB-012D, BioMeda; prediluted, 32 min at 3r C). Sections were 
probed with avidin-hprseradish peroxidase (Avidin-HRPO, Ven- 
tana Medical Systems). We visualized labeling by use of diami- 
nobenzadine peroxidase substrate (Ventana) and counterstained us- 
ing Gill's #2 (1:9 dilution for 4 min at 37°C). All reactions were 
performed on a Ventana Automated Staining System. Positive and 
negative control cases were included for all reactions. 

Activated caspase-3ICD3 (pan-T-cell marker) immimohistochem- 
istry (double labeling). To simultaneously identify inflammatory T 
cells within sections and determine whether these were a separate or 
identical population of cells showing evidence of apoptosis, we per- 
formed immunohistochemical colabeling on all sections using anti- 
body directed against CD3, a pan-T-cell marker (A0452, DAKO), 
in conjimction with antibody directed against cleaved (activated) 
caspase-3 (Asp-175, Cell Signaling Technology). Caspase-3 is a cys- 
teine protease that plays a central role in apoptosis. The presence of 
activated caspase-3 is a sensitive and specific marker of apoptosis. 

After antigen unmasking and blockade of endogenous peroxidase 
activity, sections were blocked and then incubated in cleaved cas- 
pase-3 antibody (1:25 dilution in blocking solution for 32 min at 
37°C). Biotinylated universal antibody (Ventana) was used as sec- 
ondary antiserum (8 inin at 37°C). Sections were probed with avidin- 
HRPO (Ventana; 8 min at 37°C). We visualized activated caspase-3 
labeling using diaminobenzadine peroxidase substrate (DAB; Ven- 
tana). Immediately after this step, sections were incubated vidth CD3 
antibody (1:100 dilution; 32 min at 37°Q. Biotinylated universal 
antibody (Ventana) was used as secondary antiserum (8 min at 37°C). 
We visualized labeling by CD3 antibody using the Enhanced Al- 
kaline-phosphatase red kit (Ventana). Sections were counterstained 
with hematoxyUn. All steps were performed on a Ventana Automated 
Staining System. Positive and negative control cases were used for 
all reactions. 

TUNEL We analyzed all sections for evidence of DNA frag- 
mentation consistent with apoptotic cleavage by using in situ TU- 
NEL (NeuroTacs II system; Trevigen). Terminal deoxynucleotidyl 
transferase (TdT) was utilized to incorporate biotinylated nucle- 
otides at the sites of DNA breaks, which are characteristic of ap- 
optosis. We made permeable sections with Proteinase K at a 1:400 
dilution, diluted in a 50:50 mixture of PBS and Neuropore for 20 
min at 37° C. Following the TdT-enzyme dependent step (1 h in- 
cubation at 37°C using coverslips and a humidified chamber), we 
treated sections with streptavidin-HRP for 20 minutes and visu- 
aUzed with DAB for 1-5 min. Blue counterstain was utilized to 
effectively visualize background cellular architecture. We per- 
formed a TdT-enzyme negative control case on all TUNEL runs 
to ensure that resultant brown staining was truly indicative of being 
TdT-dependent, rather than nonspecific background labeling. 
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Technical Issues/Control Cases 

To ensure accurate interpretation of all immunohistochemical 
analyses described above, multiple negative controls were included 
in conjunction with all staining procedures for each evaluated case. 
Negative control sections were treated identically to sections for anal- 
ysis within the same run, with the exception of the key enzyme or 
antibody required for specific immunoreactivity (i.e., anti-CD3 an- 
tibody, anti-cleaved caspase-3 antibody, TdT enzyme). As an addi- 
tional negative control, uninvolved tissue sections from diseased pa- 
tients (when available) were evaluated in conjunction with their 
respective involved tissue sections. All such controls were appropri- 
ately negative for viral antigen, activated caspase-3, and TUNEL. 

Results 

Apoptosis in HSE in association with productive viral infec- 
tion. We evaluated 7 patients with acute HSE. Six (86%) of 
7 had clear evidence of neuronal and glial apoptosis, as dem- 
onstrated by TUNEL and/or activated caspase-3 staining (table 
2), with a high degree of congruity noted using both apoptosis 
detection methods. Apoptotic cells were unequivocally identi- 
fied as neurons or glia by morphologic characteristics. Neurons 
made up a larger proportion of apoptotic cells, compared with 
glial cells. Apoptotic cells did not exhibit late morphologic fea- 
tures of apoptosis (nuclear condensation, margination, or pyk- 
nosis), suggesting apoptosis was detected at a relatively early 

stage at the time that tissues were obtained. Apoptotic cells 
were restricted predominantly to areas of productive viral in- 
fection and did not occur as a widespread, nonspecific process 
in histologically or virologically uninvolved areas within the 
same tissue section. Apoptotic neurons and glia were detected 
in acutely infected patients in regions of disrupted CNS tissue 
bearing HSV antigen, as measured by TUNEL (figure lA-C) 
and/or activated caspase-3 (table 2). In contrast, evaluation of 
separate areas of anoxic tissue damage in these same patients 
showed no evidence of productive HSV infection or apoptot- 
ic damage, as measured by TUNEL (figure \D-F) and active 
caspase-3 staining. 

We also evaluated 3 patients with well-documented HSE in- 
fection occurring 1-12 years before biopsy or autopsy with 
chronic neurologic deficits, including dementia, aggressive be- 
havior, language and memory deficits, gait disturbances, and 
seizure disorder with hemiparesis. Although all patients had 
histologically abnormal areas of CNS tissue evident by HE 
stain, none had evidence of ongoing productive viral infection 
with HSV (as demonstrated by negative HSV specific immu- 
nostain). In contrast to acutely infected patients, none of these 
3 patients had significant apoptosis, as evidenced by TUNEL 
(figure IG-I) or activatecj caspase-3 staining (table 2). 

Apoptosis in congenital CMV CNS disease in association with 
productive viral infection     We analyzed tissues from a patient 

Table 2.    Results summary of patients with herpes simplex virus (HSV) and cytomegalovirus (CMV) central nervous system infection. 

Virus, disease 
stage, patient HE 

Viral 
immunostain CD3 

Active 
caspase-3 TUNEL 

HSV 
Acute 

1 
2 
3 
4 
5 

6 
7 

Remote 

9 

10 

CMV 
Acute 

11 

Subacute 
12 

Remote 
13 

Widespread cortical destruction 
Cortical inflammation 
Cortical microgliosis, inflammation 
Massive cortical destruction 
Meninges inflamed; diffuse cortical neuronal death, edema, and necrosis beyond number 

of viral-infected cells; some Cowdry inclusions present 

Cortical destruction, no inflammation 
Cortical microgliosis, inflammation 

Severe neuronal loss, multicystic cavitation, lymphocytes, microgliosis 

Severe neuronal loss, reactive astrocytosis, dramatic perivascular lymphocytic infiltrates 

Extensive neuronal necrosis and reactive astrocytosis 

Periventricular and intraparenchymal calcification; many multinucleated giant cells with + + + +++ 
Cowdry A inclusion bodies; focal micropolygyria of right hippocamptis (periventricular) 

+++ +++ ++ + + + + 
++ ++ + .+ + 
+ + + + 

+++ ++ - - 
++ - ++ Artifact 

(cortex) (uninterpretable) 
++ 

(meninges) 
+++ - +++ ++ + 

+ + + + 

- ++ + 
(rare) 

- 

~ +++ 
(rare) 

"" 

— — — Artifact 
(uninterpretable) 

+++ 

Marked micropolygyria. Punctate necrosis with calcification throughout white matter; 
ependymitis; only rare CMV inclusions on multiple sections 

Polymicrogyria, ependymal destruction; no CMV inclusions 

(except 2 cells) 

++ 

Artifact 
(uninterpretable) 

NOTE.    Scoring indicates relative quantitation of number of positively stained cells in histologically involved areas, ranging from no staining (-) to highest 
degree of staining (+ ++). HE, Hematoxylin-eosin stain. 
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Figure 1. Apoptosis in acute herpes simplex virus (HSV) encephalitis (HSE). Sections of central nervous system (CNS) tissue from patient 1 
with acute HSE (A~F) and patient 8 with remote HSE (G-I) are shown. CNS tissue from patient 1 with acute HSE demonstrates widespread 
cortical injury (hematoxyln-eosin stain [HE]; A), including many HSV-productively infected neurons (brown staining, arrowheads; S), and wide- 
spread neuronal/glial apoptosis (TUNEL; brown staining, arrowheads; Q. In contrast, areas of adjacent cortical injury due to anoxia'(D; rather 
than productive viral infection (E). have no evidence of apoptotic injury (F). CNS tissue from patient 8 with chronic neurologic deficits resulting 
from HSE 12 years prior to death (remote) shows widespread cortical destruction (G), without evidence of productive viral infection (H) and 
no evidence of ongoing apoptosis (I). Bar, 20 iim. 

with recently-acquired congenital CMV disease and classic per- 
iventricular involvement. This patient had widespread Cowdry 
A inclusion bodies and multinucleated giant cells evident in the 
.periventricular region on HE stain (figure 2A), in conjunction 
with large numbers of productively infected neurons (as mea- 
sured by CMV-specific immunostain) in this region (figure 2B). 
There was nearly a 1:1 correlation between number of CMV- 
staining cells and apoptotic cells, as evidenced by both TUNEL 
(figure 2C) and activated caspase-3 techniques (table 2). Areas 
immediately adjacent to this periventricular concentrated dis- 
tribution of CMV, as well as an area of focal polymicrogyria 

in the right hippocampus of this patient, were also evaluated 
and showed no evidence of histological, virologic, or apoptotic 
disruption. 

We also evaluated 2 patients with severe neurologic sequelae 
of congenital CMV CNS infection, including marked micro- 
polygyria, ependymitis, and diffuse white matter punctate ne- 
crosis/calcification. These sequelae were the result of infection 
occurring as recently as 6-8 weeks (subacute) but as long as 3 
years (remote) after acquisition of CMV virus in utero. In con- 
trast to the acutely-infected patient described above, we dem- 
onstrated minimal evidence of ongoing productive CMV in- 
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Figure 2. Apoptosis in congenital cytomegalovirus (CMV) central nervous system (CNS) infection. Sections of CNS tissue from patient 11 
with acute periventricular CNS disease due to congenitally acquired CMV (A-C), as well as patient 12 with subacute (6-8 weeks prior to analysis) 
congenitally acquired CMV (D-F). CNS tissue from the acutely infected infant shows many multinucleated giant cells (A), including cells with 
Cowdry A inclusion bodies (arrows), productive CMV infection (dark brown staining, arrows; B), and evidence of apoptosis (TUNEL, dark 
brown staining, arrows; Q. CNS tissue from the infant with subacute infection showed no periventricular multinucleated giant cells, productive 
viral infection or apoptosis. In an area of cortical polymicrogyria (hematoxyln-eosin stain [HE]; D) there was only one cell identified with productive 
CMV infection (E) and no evidence of apoptosis (TUNEL; F). Pale-brown staining seen is nonspecific and not different from that seen in uninfected 
control cases (data not shown). Bar, 20 /im. 

fection, as evidenced by the absence of CMV inclusions bodies 
on HE stain, as well as rare (subacute) or absent (remote) CMV- 
specific immunostained cells in these patients. Neither case pa- 
tient had significant apoptosis by either activated caspase-3 or 
TUNEL staining techniques (table 2 and figure 2D-F [suba- 
cute]). These results indicate that neuronal/glial apoptosis is 
associated with productive CMV viral infection acquired in 
utero and does not persist at timepoints remote from infection, 
even in patients with severe neurologic sequelae and gyral 
anomalies occurring weeks to years after acquisition of virus. 

Apoptosis in HSV-infected neuronslglia. Having demon- 
strated apoptosis in CNS tissue of acute HSV- infected patients, 
we wished to further characterize whether apoptosis occurs in 
virus-infected neurons/glia or uninfected bystander cells. The ma- 
jority of cells exhibiting evidence of apoptosis by activated cas- 
pase-3 staining were costained for HSV antigen, and these dou- 
ble-stained cells had morphological features identifying them as 
neuronal or glial in origin (figure "iA). Not all HSV-positive cells 
were apoptotic. Apoptotic cells were not seen outside areas of 
viral infection; however, not all apoptotic cells were antigen pos- 
itive, suggesting that apoptosis occurs both as a direct conse- 

quence of viral infection and also through indirect bystander 
mechanisms in cells with close proximity to infected cells. 

Apoptosis in CMV-infected neurons. Having demonstrated 
apoptosis in CNS tissue of a patient with acute CMV infection, 
we wished to further characterize whether apoptosis occurs in 
virus-infected neurons/glia or uninfected bystander cells. A large 
proportion of cells exhibiting evidence of apoptosis by activated 
caspase-3 staining were costained for CMV antigen, and these 
double-stained cells had morphological features unequivocally 
identifying them as of neuronal origin (figure 35), often occurring 
in multinucleated giant cells bearing Cowdry A inclusions. In 
contrast to HSV infection (in which the number of virus-infected' 
cells was substantially greater than apoptotic cells), the number 
of CMV-infected cells closely matched the mmiber of apoptotic 
cells. This suggests that, in distinction to HSV infection, in which 
both direct and bystander apoptosis occur, in CMV infection, 
apoptosis results predominantly from direct viral injury to in- 
fected cells. 

Neuronal apoptosis not dependent on inflammatory T cell re- 
sponses to HSV or CMV infection. We wished to determine 
whether apoptosis resulted as a consequence of viral infection 
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Figure 3. Costaining for apoptosis and productive viral infection. Sections of central nervous system (CNS) tissues from patient 1 with acute 
herpes simplex encephalitis (HSE; A) and patient 11 with acute cytomegalovirus (CMV) CNS infection (B) were costained for evidence of 
productive viral infection (HSV or CMV-specific antibody, indicated by red staining), as well as apoptosis (activated caspase-3 antibody, indicated 
by brown staining). In both acute HSV and acute CMV CNS infections, multiple neurons and glial cells were identified which were both infected 
with virus and undergoing apoptosis (colabeled cells are indicated by maroon staining, large arrows). Examples of cells with productive viral 
infection, but not undergoing apoptosis (white arrowheads), as well as cells undergoing apoptosis without productive viral infection (black 
arrowheads) were also present in both CMV and HSV infection. Bar, 20 fim. 

independent of the host immune response or alternatively, re- 
sulted from immune-mediated killing of virus-infected cells. We, 
therefore, examined the association between the degree of in- 
flammatory response and the presence of apoptosis. Neuronal 
and glial apoptosis were noted in acutely infected patients, re- 
gardless of the degree of inflammatory T cell infiltrate (as mea- 
sured by activated caspase-3 and CD3-labeling). The majority 
of acutely infected patients had significant inflammation as a 
component of their disease, but CD3-positive labeled cells rep- 
resented a distinct population from apoptotic cells (as evidenced 
by lack of colabeling with activated caspase-3) (figure 4A). As 
a corollary observation, we still detected high levels of neuronal/ 
glial apoptosis in an acutely infected patient who did not mount 
any inflammatory response to viral infection (table 2). Fur- 
thermore, despite the presence of extensive inflammatory cell 
infiltrates in 2 of 3 remotely infected patients (as evidenced by 
large mmibers of CD3-positive staining cells), inflammatory T 
cells were not found to be apoptotic (no activated caspase-3 
costaining) nor were adjacent neurons/glia (figure 4C). These 
results suggest that the inflammatory response and the apop- 
totic program are distinct (although possibly interacting) pro- 
cesses in HSV-infected patients. 

CMV-infected infants had less T cell inflammatory response 
to infection, compared with HSV-infected patients, consistent 
with the fact that infants have relatively immature immune 
responses, compared with older children and adults. In spite 
of this less-robust inflaimnatory response, abtmdant neuronal/ 
glial cell apoptosis was noted in the acute CMV-infected infant, 
as described earlier (figure 2). In areas where CD3-positive in- 
flammatory cell infiltrates were detected, T cells represented a 
distinct population from cells exhibiting evidence of apoptosis, 
as measured by activated caspase-3 (figure 4D). 

Taken together, results from the evaluation of tissues from all 

HSV and CMV-infected patients indicate that apoptosis occurs 
in neurons/glia of acutely infected patients, in close temporal and 
spatial association with productive viral infection, and is not 
dependent on secondary inflammatory T cell responses. 

Absence of apoptosis in age-matched control subjects without 
CNS infection. To assess the degree of baseline apoptosis in 
CNS tissues as a function of age, we analyzed autopsy tissues 
(hippocampal sections) from uninfected patients who died from 
other causes. Tissue samples from 11 patients representing each 
decade of life from infancy to late adulthood were analyzed 
and showed minimal (infancy) or no (all other age groups) 
evidence of apoptosis, as measured by activated caspase-3 stain- 
ing (data not shown). These results lend further support to the 
finding that the apoptosis that occurs in neurons/glia of HSV 
and CMV-infected patients is a pathologic process, distinct 
from normal developmental or age-related changes. 

Discussion 

Our study is the first demonstration of apoptotic neuronal 
death in patients vidth acute viral CNS infection, specifically in 
patients with HSE and congenital CMV infection. In addition 
to demonstrating neuronal/glial apoptosis in regions of the 
brain with acute productive viral infection, we demonstrate that 
apoptosis is not found in brains of patients with severe CNS 
injury and neurologic symptoms months to years after acute 
viral infection. In both CMV and HSV infection, the presence 
and degree of apoptosis did not correlate with the presence or 
magnitude of inflammatory response, indicating that apoptosis 
is a direct consequence of viral injury, rather than a secondary 
efTect of virus-induced inflammatory responses. Our findings 
imply that apoptotic neuronal death is an important component 
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Figure 4. Costaining for apoptosis and CD3 T cell marker. Sections of central nervous system (CNS) tissues from patient I with acute herpes 
simplex encephalitis (HSE; A and B), patient 8 with remote HSE (C), and patient 11 with acute cytomegalovirus (CMV) encephaHtis (D) were 
costained for evidence of inflammatory cell infiltrate (CD3 antibody, indicated by red staining), as well as apoptosis (activated caspase-3 antibody, 
indicated by brown staining). In both the case of acute HSV (A) and acute CMV (D), cells undergoing apoptosis (large arrows) were a distinct 
population from immune cells (arrowheads), and no colabeled cells were detected. No apoptosis or immune cells were detected in a control area 
of anoxic cortical injury without productive viral infection (patient 1 with acute HSE; B). As a corollary, patient 8 with remote HSE (and no 
evidence of productive viral infection) had a robust immune cell response (arrowheads; C), without evidence of apoptosis. Bar, 20 jtm. 

of CNS injury and destruction in the acute phase of infection 
of patients with viral CNS infection. 

The correlation between the number of infected neurons and 
the degree of apoptotic neuronal death differed in HSV and 
congenital CMV infection. Although only one case of acute 
congenital CMV infection was available for analysis, CMV 
infection was associated with a nearly direct (1:1) correlation 
between the number of infected neurons and the nimiber of 
apoptotic neurons, whereas tissues from patients with acute 
HSV infection showed many more infected nonapoptotic neu- 
rons than infected apoptotic neurons. There are several poten- 
tial explanations for this difference in degree of observed ap- 
optosis. First, HSV and CMV may differ in their capacity to 
induce apoptotic-signaling pathways in neuronal cells. Strain- 
specific differences in the capacity to induce apoptosis have 
been described in other viral models of neuronal apoptosis [74], 
and this may apply to different members of the herpesvirus 
family, as well. Alternatively, although we chose to analyze only 
immunocompetent hosts in this study, congenitally infected 
CMV patients are, to some degree, less immunocompetent at 

the time of their productive viral infection than older children 
and adults at the time of their acute HSV infections. Therefore, 
CMV-infected infants could be prone to higher degrees of direct 
virus-mediated apoptotic injury at the time of acute infection. 
Finally, the observed difference may be related to the relative 
tempo by which infection proceeds in HSV, compared with 
CMV-infected patients. The clinical presentation and histopa- 
thology associated with these 2 diseases are markedly different. 
In HSV infection, neurons/glia are rapidly infected, resulting 
in an overwhelming, lytic, hemorrhagic destructive process. It 
is rare to observe viral inclusion bodies and/or multinucleated 
giant cells in CNS tissues of patients with HSV infection. In 
contrast, neurons infected with CMV typically accxunulate large 
amounts of virus prior to destruction, as reflected by easily 
observable Cowdry A viral inclusions within infected multi- 
nucleated giant cells. One potential consequences of this dif- 
ference is that identification of infected cells on the basis of 
prominent cytomegaly in the case of CMV infection may greatly 
facilitate identification of infection and apoptosis in identical 
cells using sequential sections. Additionally, the accumulation 
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of large amounts of virus within an infected cell prior to cell 
lysis (as occurs in CMV) may in some manner potentiate the 
initiation of the apoptotic program. 

Our study indicates that, in HSV and CMV infection, CNS 
apoptosis appears to result as a direct consequence of viral 
infection of neurons, rather than as a secondary consequence 
of virus-induced inflammatory T cell responses or in infiltrating 
T cells themselves. This is in contrast to experimental Murray 
Valley EncephaUtis infection, in which inflammatory infiltrate 
includes apoptotic macrophages and lymphocytes [10]. Simi- 
larly, during experimental Semliki Forest Virus encephalitis, 
infiltrating leukocytes and neural precursor cells undergo ap- 
optosis while productively infected neurons undergo necrosis 
[27]. However, apoptotic inflammatory cells may also secrete 
factors that induce apoptosis in neighboring cells, as seen in 
the case of HIV infection, in which infiltrating mononuclear 
phagocytes secrete a variety of factors that mediate neuronal 
apoptosis [75, 76]. Although apoptosis appears to be a direct 
effect of viral infection, rather than an indirect effect of proin- 
flammatory cytokines, in HSE and congenital CMV CNS in- 
fection, it is possible that inflammatory responses provide an 
additional mechanism of tissue injury, and could interact in 
some way with virus-induced apoptotic signaling processes. 

There are many plausible reasons why neuronal apoptosis 
likely has biological significance in viral infections of the himian 
CNS. A complex network of intracellular signaling cascades is 
activated by apoptosis-inducing stimuli in neurons. In addition 
to the basic apoptosis-related biochemical and morphological 
changes seen in neuronal cells, apoptotic neurons also undergo 
alterations in neurotransmitter release, growth factor secretion, 
and cell-cell interactions. These changes can have deleterious 
effects on neighboring neurons during the primary insult, often 
resulting in a widening of the area of neuronal loss at timepoints 
directly following the initial insult [77]. 

This study suggests that apoptosis is an important mecha- 
nism of virus-induced neuronal and glial cell death in the CNS 
of humans with viral encephalitis. These results have impor- 
tance not only for an improved understanding of the patho- 
genesis of human encephalitis but also for the potential devel- 
opment of novel therapeutic strategies. The importance of 
apoptotic death in virus-induced CNS disease has been under- 
recognized, due in part to the fact that classic histopathologic 
descriptions of encephalitis were made prior to the distinction 
between apoptotic and necrotic cellular death. We have dem- 
onstrated elsewhere the protective effect of apoptotic blockade 
in a murine model of viral myocarditis [78], and this study 
indicates that similar intervention may be may be useful as an 
adjunct to the treatment of patients with acute, but not remote, 
viral CNS infection. Identification of specific mechanisms un- 
derlying virus-induced injury in human viral encephalitis, in- 
cluding apoptosis, may lead to improved, novel and/or ad- 
junctive strategies for the treatment of this devastating disease. 
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Quantitative CSF PCR in Epstein-Barr 
Virus Infections of the Central 

Nervous System 
Adriana Weinberg, MD,''^ Shaobing Li, MD,' Megan Palmer, MD,' and Kenneth L. Tyler, MD 2-5 

Acute Epstein-Barr virus (EBV) infection of the central nervous system (CNS) is associated with meningoencephalitis and 
other neurological sjradromes and with CNS lymphomas (CNSLs). Diagnosis is based on serological studies and more 
recently on detection of EBV DNA in cerebrospinal fluid (CSF) by polymerase chain reaction (PCR). We measured EBV 
ONA by quantitative PCR and EBV mRNA by RT-PCR in the CSF in patients with EBV-associated neurological dis- 
orders. EBV was identified as the cause of CNS infection in 28 patients: 14 with CNSL, 10 widi encephalitis, and 4 with 
postinfectioiis neurological complications. CSF analysis showed that patients with CNSL had higb EBV load (mean ± 
standard error of 4.8 ± 0.2 logjo DNA copies/ml) and low leukocyte counts (22 ± 7 cells/)il); encephalitis was char- 
acterized by high EBV load (4.2 ± 0.3 log^o DNA copies/ml) and hig^ leukocyte counts (143 ± 62 cells/|xl); and 
patients with postinfectious complications showed low EBV load (3.0 ± 0.2 log,o DNA copies/ml) with hig^ leukocyte 
counts (88 ± 57 cells/|jil). Lytic cycle EBV mRNA, a marker of viral replication, was identified in 10 CSF samples £rom 
patients with CNSL and encephalitb. These studies demonstrate the utility of quantitative CSF PCR and establish the 
presence of lytic cyde EBV mRNA in CSF of patients with EBV-associated neurological disease. 

Ann Neurol 2002;52:543-548 

Central nervous system (CNS) complications of 
Epstein-Barr virus (EBV) infeaion occiu- in 1 to 18% 
of patients with infectious mononudeosis and include 
encephalitis, meningitis, cerebellitis, polyradiculomyeli- 
tis, transverse myelitis, cranial and peripheral neuropa- 
thies, and psychiatric abnormalities.'"^ EBV infections 
of the CNS can ocau in the absence of infectious 
mononudeosis. EBV has been associated with cranial 
and peripheral neuropathies, and serological evidence 
of active EBV infection has been reported in up to 
29% of childhood cases of Guillain—Barr6 syndrome 
and 19% of childhood cases of ladal palsy. '^ EBV- 
associated lymphomas represent another important 
cause of EBV-related CNS disease.^"'' These disorders 
are particularly common in immunocompromised 
hosts including patients with acquired immune defi- 
ciency syndrome and transplant recipients. 

Until recendy, diagnosis of EBV-associated CNS 
disease depended predominandy on demonstration of 
the presence of antibodies in cerebrospinal fluid (CSF) 
and/or serum, because virus is only rardy isolated fi-om 
(-.gP 14-18 ^ j.Qjg gjj. £gy jjj jjjg pathogenesis of CNS 

lymphomas (CNSLs) was established by demonstrating 

the presence of EBV genome and/or antigen in tumor 
cells using in situ hybridization or immunohistochem- 
istry.^ More recendy, amplification of EBV DNA in 
the CSF by PCR has become an important method for 
diagnosis of EBV CNS infections and CNSL.''"^^ 

In this study, we report the first use of quantitative 
EBV PCR and RT-PCR for a lytic cyde EBV mRNA 
in a large series of patients with EBV CNS infections. 

Patients and Methods 

Study Design and Definitions 
CSF specimens containing EBV DNA detected by PCR were 
identified in the Diagnostic Virology Laboratory at the Uni- 
versity of Colorado Health Sciences Center between October 
1995 and March 2001. Clinical, laboratory, and follow-up 
information was obtained through a questionnaire submitted 
to the attending physician and/or neurology consultant, and 
from medical records review. Patients were grouped into the 
following diagnostic categories: (1) CNSL, defined by typical 
histopathology or by a typical radiographic exam and consis- 
tent dinical presentation in the absence of an alternate diag- 
nosis; (2) encephalitis, defmed by the presence of fever, al- 
tered mental status, and focal neurological signs or symptoms 
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indicative of parenchymal brain involvement, in the absence 
of other potential pathogenic agents; and (3) postinfectious 
complications, including cases of Guillain-Barr6 syndrome, 
acute demyelinating encephalitis, transverse myelitis, and 
polyradiculomyelitis, after acute EBV infection. 

Qualitative Epstein-Barr Virus Polymerase 
Chain Reaction 
Qualitative EBV PCR vras performed as previously de- 
scribed^'"^^ using duplicates of CSF aliquots stored at 
—70°C. Each assay included two negative water controls and 
two positive controls of EBV-producing B95-8 cell culture 
supernatant. The tests were considered valid if the controls 
yielded the expected restdts and if the replicates were con- 
cordant. 

Quantitative Epstein—Barr Virus Polymerase 
Chain Reaction 
Quantitative EBV PCR was performed using a competitive 
method adapted from a previously described assay.^ The in- 
ternal standard (IS) was synthesized by amplification of a 
304bp fragment in the EBV region BMLFl 3501 to 3804, 
followed by deletion of an 81bp internal segment. The re- 
sidtant 233bp IS was PCR-amplified and inserted in the vec- 
tor PCR-Script SK+ (Stratagene, La Jolla, CA). Escherichia 
coli XLIO-Gold Kan Ultracompetent cells (Stratagene) trans- 
formed with the IS-containing plasmid was grown in Luria- 
Bertani medium (Gibco BRL, Gaithersburg, MD) and se- 
leaed with an ampicillin marker. The plasmid DNA was 
purified virith a Qiagen tip 500 (Qiagen, Chatsworth, CA) 
and quantitated with a spectrophotometer (CECIL 
CE2401). The number of IS copies was confirmed by coam- 
plification with known amounts of EBV B95-8 DNA quan- 
titative standards (ABI, Columbia, MD). The PCR products 
were separated by agarose gel electrophoresis, stained with 
Vista Green, scanned with a Storm instrument (Molecidar 
Dynamics, Sunnyvale, CA), and quantitated using Image- 
Quant software. Using 1,000 IS copies per reaaion tube and 
dilutions of the quantitative standards, a linear relationship 
between input and measured DNA was identified between 
1,000 to 1,000,000 copies of EBV DNA per milliliter of 
specimen. DNA, extracted from clinical specimens, was co- 
amplified with 1,000 copies of IS per reaction tube, and 
quantitated by Storm. Positive and negative controls were 
nm with each clinical specimen. 

RNA Methods 
EBV transcription of the early lytic cycle gene BZLFl was 
detected by RT-PCR as previously described.^'^' CSF nu- 
cleic acids, purified with QIAamp viral RNA mini kit (Qia- 
gen), were reverse transcribed and amplified using primers 
Zl and Z2. Amplicon was detected by Southern blot using 
Z2B as a probe. 

The BZLFl target area was selected because the primers 
Zl and Z2 aimeal to exon 1 and exon 3, respectively. There- 
fore, RT-PCR typically generates two bands of 252 and 
450kb molecular weight, corresponding to the cDNA and 
the genomic DNA, respectively. The presence of genomic 
DNA amplicon was used as an internal sensitivity control. 
The presence of both 450 and 252kb bands was interpreted 

as evidence of BZLFl transcription. The presence of the 
450kb band in the absence of the 252 one was interpreted as 
absence of BZLFl transcription. The absence of both 450 
and 252kb bands was interpreted as lack of homology be- 
tween the primer pair and the clinical strains or insufficient 
nucleic acid template in the sample. 

Statistical Analysis 
Statistical analysis was performed using StatView 5.0.1 soft- 
ware (SAS Institute, Cary, NC). 

Results 

Description of the Patient Population 
Of 528 CSF samples tested for EBV by PCR, 39 had 
positive results (JA%). Eleven cases were excluded be- 
cause odier pathogenic agents in addition to EBV may 
have contributed to their illnesses. Demographic fea- 
tures of the 28 patients remaining in the study are 
shovm in the Table. Twenty-two patients had primary 
or acquired immunocompromising conditions, includ- 
ing human immunodeficiency virus (HIV; n = 16), 
solid organ transplantation (n = 5), and common vari- 
able immimodeficiency (n = 1). 

Central Nervous System Lymphoma 
CNSL was diagnosed in 14 patients whose underlying 
disorders included advanced HIV infection (12) and 
transplantation (2). The presenting signs and symp- 
toms included behavioral changes, seizures, aphasia, 
motor weakness, sensory abnormalities, and ataxia. 
Loss of developmental milestones was seen in children. 
Thirteen patients had computed tomography (CT) or 
magnetic resonance imaging studies of the CNS, which 
were abnormal in all but one case patient identifier 
([PID] 10). PID 10 had a normal noncontrast CT ac- 
companying aphasia and new-onset seizures. An mag- 
netic resonance imaging was not performed. This pa- 
tient had a lymph node biopsy, which showed non- 
Hodgkin lymphoma. Single-photon emission CT scans 
were positive in three cases and negative in one. 

Histopathological diagnosis was made by brain bi- 
opsy in three patients. Three additional patients (PIDs 
2, 10, and 13) had lymphoma diagnosed on biopsies 
from sites other than CNS, and one patient had both 
CNS and lymph node biopsy. Only the pediatric pa- 
tients had EBV-specific serology performed at CNSL 
diagnosis: one consistent with acute infection and one 
with past infection. 

Laboratory examination of the CSF (Fig) showed 
pleocytosis in 10 of 14 patients, erythrocytes in 6 cases, 
and elevated protein in all cases. Glucose concentration 
was normal in all but one patient who had 23 mg/dl of 
glucose in the CSF. The logm EBV DNA copies per 
milliliter of CSF varied between 3.6 and 5.8 with a 
mean ± standard error (SE) of 4.8 ± 0.2. 

Clinical management of CNSL patients varied (see 
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Table. Selected Clinical and Laboratory Characteristia of Patients with EBV-Associated Neurolo^cal Disorders 

CSFEBV CSFby Underlying 
Age DNA the cyde Conditions/ EBV-Specific 

PID Diagnosis Gender (F) Race (copies/ml) mRNA Treatment Therapy Outcome 

1 CNSL M 26 H 4,100 nd HIV/- — Fatal 

2 CNSL' M 32 H 10,000 nd HIV/- — Fatal 

3 CNSL'' M 37 W 15.000 nd HIV/HAART — Fatal 

4 CNSL" M 56 H 25,540 + HIV/HAART ACV Fatal 

5 CNSL M 38 W 28,000 + HIV/ART ACV Fatal 

6 CNSL M 2 W 50,000 nd Heart Tx/ i IS GCV Fatal 

7 CNSL*" M 33 W 50,000 nd HIV/ART ACV Fatal 

8 CNSL"" M 65 H 58,700 + HIV/HAART — Stable 

9 CNSL M 45 H 92,000 nd HIV/- ACV Fatal 

10 CNSL"-'' M 48 W 115,000 + HIV/HAART — Indeterminate" 

11 CNSL M 25 W 152,000 nd HIV/HAART ACV Improved 

12 CNSL M 32 W 270,000 + HIV/ART ACV/GCV Fatal 

13 CNSL"* M 7 W 298,300 nd Renal Tx/ i IS — Improved 

14 CNSL M 38 W 605,000 nd HIV/- — Fatal 

15 Encephalitis M 55 W 500 nd NONE ACV Improved 

16 Encephalitis M 29 W 900 nd HIV/HAART — Improved 

17 Encephalitis F   W 8,000 — NONE — Improved 

18 Encephalitis M 47 W 8,900 nd HIV/HAART — Improved 

19 Encephalitis M 71 W 17,900 — Renal Tx/- — Improved 

20 Encephalitis M 43 W 29,000 + HIV/HAART ACV Improved 

21 Encephalitis 
Encephalitis 

F 35 B 40,800 + HIV/HAART ACV Improved 

22 M 19 W 64,400 + Renal Tx/ i IS FOS Improved 

23 Encephalitis 
Encephalitis 

M 18 w 77,000 + NONE ACV Improved 

24 F 58 w 216,000 + Renal Tx/ J, IS ACV Improved 

25 ADEM M 2 H 500 nd NONE ACV Fatal 

26 TRM M 7 W 500 nd NONE — Improved 

27 PRM** F 43 w 1,904 nd CVID/IVIG GCV Improved 

28 Guillain-Barr6 M 55 w 2,000 nd NONE ACV Stable 

EBV = Epstein-Barr virus; CSF = ccrebrospinal fluid; CNSL = central nervous system lymphoma; H = Hispanic; nd - not done; HIV - 
human immunodeficiency vinis infection; W = ^itc; HAART = highly active ART wth three or more dmgs including a protease inhibitor 
or nonnucleoside analog; ACV = acydovir; Tx = transplantation; IS = immunosuppression; GCV = ganddovir; ART - antiretroviral 
therapy widi one or more nudeoside andogs; ADEM = acute demydinating encephditis; TRM = transverse myelitis; PRM = polyradicu- 
lomyditis; CVID = combined variable immunodefidency; IVIG = intravenous immunoglobulin. 

'Patients virith systemic lymphoma including the centrd nervous system. 
•"Patients treated with chemotherapy and/or radiation therapy. 
'Outcome indeterminate because of insuffident follow-up (2 months). 
"•A detailed description of this case can be found in Majid and colleagues,^  Case 4. 

Table). Only 8 of the 12 HlV-infected patients re- 
ceived antiretroviral therapy. In addition, six received 
anti-EBV antivirals and five were treated with chemo- 
therapy and/or radiotherapy. The clinical management 
of the two transplant recipients consisted of decreased 
immunosuppression and use of antivirals or chemo- 
therapy. Clinical conditions improved or remained sta- 
ble after 2 or more years of follow-up in two HIV- 
infected patients and one transplant recipient. There 
was no association between outcome and EBV viral 
load (/> = 0.37, impaired t test). 

Epstein-Barr Virus Encephalitis 
There were 10 patients with encephaUtis (see Table). 
Seven had impaired immunity (four HIV infections 
and three transplantations). Signs and symptoms in- 
cluded fever, headache, seizures, aphasia, localized mus- 
cle weakness, and riiunbness or hyperesthesia. CT or 

magnetic resonance imaging were abnormal in all cases. 
Typical m^netic resonance findings included single or 
multiple areas of increased Tj signal, often with gado- 
linium enhancement and associated edema in the cere- 
bral hemispheres and cerebellum. One patient, a renal 
graft recipient (PID 22) who developed clinical and ra- 
diological abnormalities in the context of acute EBV 
infection by serological criteria imderwent a brain bi- 
opsy, which showed areas of parenchymal and perivas- 
cular inflammation with polydonal T-cell infiltrates, 
establishing the diagnosis of encephalitis. 

The CSF (see Fig) leukocyte counts were elevated in 
all the patients with encephalitis and invariably showed 
a predominance of mononuclear cells. Reactive and 
atypical lymphocytes were each described in one pa- 
tient. Erythrocytes were present in five cases. The CSF 
protein was elevated and glucose was normal in all 
cases. The EBV load in the CSF varied between 2.7 
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Fig. Cerebrospinal fluid analysis of patients with Epstein-Ban 
virus (EBV) infection of the central nervous system (CNS). 
Data were derived from 14 patients with CNS lymphoma 
(CNSL), 10 with ettcephalitis, and 4 with postinfcctious com- 
plications (other). Leukocyte counts (A) were significantly differ- 
ent between CNSL and encephalitis patients fp = 0.02) but 
not for any other group comparisons (p > 0.1). Protein concen- 
trations (B) were not statistically different among groups (p > 
0.1). EBV load (C) was significantly lower in patients tvith 
postinfcctious complications compared with encephalitis or 
CNSL (p < 0.01). The difference between CNSL and enceph- 
alitis did not quite reach statistical significance (p = 0.07). 
WBC - white bhod cell (leukocyte) 

and 5.3 log,o DNA copies per milliliter with mean ± 
SE of 4.2 ± 0.3 logio copies per milliliter. 

Six patients received EBV-specific antiviral therapy. 

The use of antivirals tended to be more common in 
patients with higher viral loads (/> = 0.09, Marm- 
Whitney U test). This su^ests an association between 
severity of disease and viral load, if we assiune that the 
sicker patients were more likely to receive EBV-specific 
therapy. Among treated patients, signs of recovery be- 
gan 2 to 7 days after initiating therapy. Two patients 
treated with anti-EBV antivirals, who had repeat mea- 
surements of EBV load in the CSF 7 and 14 days into 
therapy, respectively, showed greater than or equal to 1 
logio decreases of the viral load. Two HFV-infected pa- 
tients with encephalitis had been receiving highly active 
antiretroviral therapy for 4 years when they developed 
EBV encephalitis and two started highly active antiret- 
roviral therapy after the diagnosis of EBV infection. 
Management of immunosuppressive regimens in the 
three transplant recipients varied. All patients with 
EBV encephalitis improved clinically, regardless of un- 
derlying conditions, use of EBV-specific antiviral ther- 
apy, or EBV load. 

Postinfectious Complications 
Four patients experienced postinfectious complications, 
one each with Guillain—Barr6 syndrome, acute demy- 
elinating encephalitis, polyradiculomyelitis, or trans- 
verse myelitis (see Table). 

CSF examinations showed elevated leukocyte and 
protein in three cases each, etythrocyte and normal 
glucose in all cases. The EBV load varied between 2.7 
and 3.3 logjo EBV DNA copies per milliliter (mean ± 
SE, 3 ± 0.2 logio DNA copies/ml). PIDs 25 and 26 
had serological evidence of acute EBV infection. 

All patients received immunomodulators (corticoste- 
roids or intravenous immunoglobulin). Three patients 
also received antivirals. PID 25 died of EBV-associated 
hemophagocytic syndrome soon after the diagnosis of 
acute demyelinatlng encephalitis was established. The 
other patients improved or remained stable. 

(Comparative Analysis of Cerebrospinal Fluid Finding 
in Patients with Epstein-Ban Virus-Associated 
Central Nervous System Infections 
To identify correlations between CSF abnormalities 
and EBV-associated neurological disorders, the results 
of EBV quantitative PCR, leukocyte, and protein were 
compared among the three diagnostic categories. EBV 
load in the CSF was significandy higher in patients 
with CNSL and encephalitis versus postinfectious com- 
plications (/> < 0.01). The difference in EBV load be- 
tween patients with CNSL and encephalitis was not 
significant, although patients with CNSL had fewer 
CSF leukocyte (/» = 0.02). Protein levels were statisti- 
cally similar among all groups. 

Regression analysis was used to determine correla- 
tions of EBV load in the CSF vwth leukocyte counts. 
There was a significant inverse correlation between 
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EBV load and leukoqte across all diagnostic categories 
(/> = 0.04), which argues against the hypothesis that 
EBV in CSF resulted solely from latent viral DNA 
present in infiltrating lymphocytes. When patients with 
encephalitis were separately analyzed, the inverse corre- 
lation between EBV load and leukocyte almost reached 
significance (/> = 0.08), suggesting that the inflamma- 
tory infiltrate might contribute to viral clearance. 

Identification ofmRNA Corresponding to a Lytic 
Cycle Gene in the Cerebrospinal Fluid 
Twelve CSF samples were tested by RT-PCR for tran- 
scription of the lytic cycle gene BZLFl (Table). Ten 
samples, equally distributed between CNSL and en- 
cephalitis patients, which contained 4.5 to 5.8 logio 
EBV DNA copies per milliliter, showed evidence of 
mRNA synthesis indicating active EBV replication in 
the CNS. In the remaining two samples, both DNA 
and RNA amplification &iled, indicating decreased se- 
quence homology between the primers the template 
and/or DNA copy number below the analytical sensi- 
tivity of the test. 

Discussion 
EBV PCR of the CSF established the association of 
neurological disorders with EBV in the absence of 
acute EBV infection. Most descriptions of the neuro- 
logical complications of EBV are based on children 
with acute EBV infection.*"^ In contrast, only 17% of 
our patients were children, despite the fact that users of 
the laboratory for EBV PCR include a similar number 
of adult and pediatric health care facilities. This pre- 
ponderance of EBV CNS infections in adults, which 
differs from previous reports, could be partially as- 
cribed to the high number of immunocompromised 
patients in our study. However, all three immunocom- 
petent patients with EBV encephalitis were older than 
18 years of age. Other investigators have also recently 
described isolated cases of EBV encephalomyelitis in 
adults  vwth   serological  evidence  of EBV  reactiva- 
tion 26-29 

CSF analysis showed significant differences among 
di^nostic categories for EBV load and leukocytes. Pa- 
tients widi CNSL had high CSF EBV load in the pres- 
ence of low leukocyte counts. Patients with encephalitis 
also had relatively high EBV load, but this was associ- 
ated with higher CSF leukocytes than in patients with 
CNSL. Patients with postinfectious complications of 
EBV infection had a low EBV load associated with a 
relatively high CSF leukocyte count. These CSF pat- 
terns suggest the following pathogenic scenarios: rapid 
celliilar and viral turnover with limited inflammatory 
response in CNSL, intense viral repHcation and vigor- 
ous inflammation associated with encephalitis, and low 
viral replication and vigorous inflammation associated 
with postinfectious complications. 

Antivirals active against EBV were used in some pa- 
tients, but their use did not affect the outcome of the 
disease. However, a selection bias fevoring the use of 
antivirals in the sickest population might have oc- 
curred. This is su^ested by the feet that, among pa- 
tients with encephalitis, the use of acyclovir and gan- 
ciclovir was more common in individuals with high 
viral loads. This observation also might indicate an as- 
sociation between high CSF EBV load and severity of 
clinical manifestations, if we assume that physicians 
were more likely to treat sicker patients. Of note, the 
CSF EBV load decreased in the two encephalitis pa- 
tients whose CSF was tested after 7 and 14 days of 
treatment, respeaively, suggesting that the drugs inhib- 
ited the viral replication. 

The presence of lytic cycle mRNA in the CSF in all 
10 patients in whom this could be analyzed indicated 
that EBV was actively replicating in the CNS. This re- 
sult is consistent with a lack of correlation between 
CSF EBV viral load and CSF leukocyte counts, which 
strongly suggests that the EBV DNA detected by PCR 
was from actively replicating virus and not just latent 
EBV DNA carried in inflammatory cells. Actively rep- 
licating EBV in the CNS may have resulted from ei- 
ther de novo infection or reactivation of latent virus. 
Because EBV does not become latent in neurons or 
other nonlymphoid cells, if CNS infection follows 
EBV reactivation, it is likely that this occurs at extra- 
neural sites with subsequent spread of virus to CNS by 
infected lymphocytes. 

It has been su^ested previously that EBV encephalitis 
was a consequence of cytotoxic T-lymphocyte-mediated 
tissue destruction.^" In this series, two patients with 
encephalitis had CSF atypical lymphocytes, consistent 
with cytotoxic T lymphocytes. Furthermore, EBV load 
decreased with higher leukocyte counts, suggesting a 
role of the inflammatory cells in viral clearance. These 
data taken collectively indicate that patients with severe 
EBV encephalitis might benefit from combined antivi- 
ral and T-cell immunosuppressive therapy. 
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Reovirus-induced neuronal apoptosis is mediated 
by caspase 3 and is associated with the activation 
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Reovirus infection of the central nervous system (CNS) is an important exper- 
imental system for understanding the pathogenesis of neurotropic viral infec- 
tion. Infection of neonatal mice with T3 reoviruses causes lethal encephalitis 
in which injury results from virus-induced apoptosis. We now show tiiat this 
apoptosis in vivo is associated with activation of caspase 3, and use neurohlas- 
tomaandprimaryneuronalculturestoidentifythecellularpathways involved. 
Reovirus-induced apoptosis in neuronal cultures is initiated by activation of 
the tumor necrosis factor (TNF) receptor superfamily death receptors and is 
inhibited by treatment with soluble death receptors (DRs). The DR-associated 
initiator caspase, caspase 8, is activated following infection, this activation is 
inhibited by a cell-permeable peptide inhibitor (lETD-CHO). In contrast to our 
previous findings in non-neuronal cell lines, reovirus-induced neuronal apop- 
tosis is not accompanied by significant release of c3rtochrome c firom the mito- 
chondria or with caspase 9 activation following infection. This suggests that 
in neuronal cells, unlike their non-neuronal counterparts, the mitochondria- 
mediated apoptotic pathway associated with cytochrome c release and caspase 
9 activation does not play a significant role in augmenting reovirus-induced 
apoptosis. Consistent with these results, peptide caspase inhibitors show a hi- 
erarchy of efficacy in inhibiting reovirus-induced apoptosis, with inhibitors of 
caspase 3 > caspase 8 »> caspase 9. These studies provide a comprehen- 
sive profile of the pattern of virus-induced apoptotic pathway activation in 
neuronal culture./ournoi of NeuroVirology (2002) 8, 365-380. 
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Viruses cause disease by injuring or killing discrete 
populations of cells in host organs. Cell loss or dam- 
age is particularly detrimental in tissues with limited 
ability to regenerate, such as the mature central ner- 
vous system (CNS). In cell culture, many neurotropic 
viruses have the capacity to kill target cells, includ- 
ing neurons, by inducing apoptosis. A small group of 
viruses, including human immunodeficiency virus 
(HIV) (Petito et al, 1999), Dengue (Despres et al, 
1996), Sindbis (Nava et al, 1998; Jan and Griffin, 
1999), Theiler's (Jelachich and Lipton, 2001), rabies 
0ackson and Rossiter, 1997a), and reovirus 
(Oberhaus et al, 1997), have been shovirn to in- 
duce apoptosis in experimental or natural models 
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of encephalitis in vivo. Despite the importance of 
apoptosis as a mechanism of virus-induced cell 
death, little is known about the nature of apoptotic 
signaling pathways activated during nemrotropic 
viral infection. Identifying mechanisms of virus- 
induced apoptosis is critical not only to imderstand- 
ing the pathogenesis of CNS viral infections but may 
also be relevant to neurodegenerative and other neu- 
rological diseases in which apoptosis contributes to 
nevironal loss (Allsopp and Fazakerley, 2000; Honig 
and Rosenberg, 2000; Mattson, 2000; Raghupathi 
et al, 2000; Yuan and Yankner, 2000). 

Apoptosis is a distinct form of cell death in 
which affected cells undergo characteristic morpho- 
logical and biochemical changes, including cyto- 
plasmic shrinkage, condensation and fragmentation 
of nuclear chromatin, membrane alterations, and 
changes in gene and protein expression (Reed, 2000; 
Hengartner, 2000). Most forms of apoptosis are asso- 
ciated with sequential activation of cysteine-aspartyl 
proteases (caspases) by extracellular and/or intracel- 
lular stimuli, ultimately causing cleavage of cellu- 
lar substrates, including laminins, poly-ADP-ribose 
polymerase (PARP), and DNA (Nunez et al, 1998; 
Eamshaw et al, 1999). Caspase activation has been 
implicated in neiu-onal apoptosis induced by diverse 
stimuli, including potassium deprivation (D'Mello 
etal, 2000), N-mefliyl-D-aspartate (NMDA) excitotox- 
icity (Ma et al, 1998; Budd and Lipton, 1999), and 
ischemic insults (Chien et al, 2000; Rentsch et al, 
2001; Veher et al, 1999). 

Experimental infection with mammalian re- 
oviruses has provided a classic model for studying 
the pathogenesis of viral infection in vivo and virus- 
cell interactions in vitro (Tyler, 2001). Reoviruses in- 
duce apoptosis in a variety of cells in culture, includ- 
ing fibroblasts, kidney cells, cardiac myocytes, and 
cells derived from a variety of hmnan cancers. Our 
laboratory has shown that reovirus-induced apop- 
tosis of undifferentiated epithelial and cancer cells 
is initiated by death receptor (DR) activation and 
involves sequential activation of caspase cascades, 
starting with the DR-associated initiator caspase, cas- 
pase 8 (Clarke etal, 2000,2001). Caspase 8 activation 
leads to the cleavage of the Bcl-2 family protein Bid, 
which translocates to the mitochondrion where it fa- 
cilitates release of apoptosis-inducing factors includ- 
ing cytochrome c (Kominsky, 2002). Once in the cy- 
toplasm, c3rtochrome c forms part of the apoptosome 
complex that leads to the activation of caspase 9 (Li 
etal, 1997). Caspases 8 and 9 contribute to tiie activa- 
tion of effector caspases, notably caspase 3, which act 
on cellular substrates, resulting in the morphological 
hallmarks of apoptosis. 

Although reovirus can induce apoptosis in neurons 
in vivo (Oberhaus et al, 1997), studies of the cellu- 
lar pathways involved in reoAdrus-induced apopto- 
sis have been limited to non-nem-onal cell lines. We 
now show that reovirus-induced apoptosis in neu- 
rons in vivo involves activation of the effector cas- 

pase, caspase 3, and use both neuroblastoma-derived 
cell lines and primary cultures of terminally dif- 
ferentiated neurons to investigate cellular pathways 
leading to this activation. 

Results 

Reovirus-induced apoptosis in the neonatal mouse 
brain is associated with caspase 3 activation 
We have previously shown that type 3 reovirus strain 
Bearing (T3D)-induced encephalitis in neonatal mice 
is associated with apoptosis in the CNS (Oberhaus 
et al, 1997). To better understand the mechanisms by 
which this occm's, we looked for activation of cas- 
pase 3, a key effector caspase that is activated in 
many forms of apoptosis. Activated caspase 3 was 
detected by immunohistochemistry in mouse brain 
tissue at day 7 post infection and correlated with 
distribution of viral antigen and Terminal deoxynu- 
cleotidyl transferase (TdT)-mediated dUTP Nick-End 
Labeling (TUNEL) staining on serial tissue sections. 
We found that activated caspase 3 staining colocal- 
ized to regions of mouse brain also containing vi- 
ral antigen and apoptotic cells (TUNEL positive), 
including the cingulate cortex, hippocampus, and 
thalamus (Figure 1). Having shown that reovirus- 
induced neuronal apoptosis involved caspase acti- 
vation in vivo, we next used neiuronal cultures ;.to 
investigate the cellular pathways involved in vitro. 

Reovirus induces apoptosis in mouse 
neuroblastoma-derived cells and mouse 
primary cortical cultures 
Major morphological features of apoptosis include 
modification of fiie plasma membrane, compaction 
and margination of nuclear chromatin, and oligonu- 
cleosomal DNA fragmentation. We looked for evi- 
dence of these apoptotic features in reovirus-infected 
mouse neuroblastoma-derived cell line NB41a3 
(NB4) and in primary mouse cortical cultures derived 
from embryonic (E20) mice (MCC). Translocation of 
phosphatidylserine (PS) from the inner to the outer 
leaflet of the plasma membrane is an early morpho- 
logical feature of apoptosis that can be detected by 
annexin V staining (Martin et al, 1995). We detected 
PS franslocation (annexin V labeling) in T3D-infected 
NB4 as early as 6 h following infection. By 10 h pp.st 
infection, there was a significant (P < .001) increase 
in annexin V labeUng in T3D-infected cells (53%;(i 
3%) as compared to mock (15% ± 1%) (Figiu-e 2A). 
Propidixun iodide (PI), which can only enter cells 
with compromised plasma membranes, was used as 
a second label in the annexin V assay, staining late 
apoptotic cells (also annexin V positive) and necrotic 
cells (only PI positive). Cells were treated with 30% 
ethanol for 1 h prior to the annexin V assay to gener- 
ate necrotic cells as a negative control. In contrast to 
virus-infected cells, these necrotic (only Pl-positive) 
cells did not show annexin V labeling (5% ± 1%). 
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Figure 1 Coronal sections of neonatal mouse brain 7 days after intracranial inoculation of 10,000 PFU of strain T3D reovirus or mock 
inoculation (eight mice per treatment group). Hematoxylin and eosin-stained tissue reveals marked destruction of brain tissue in the 
T3D infected brain (B) as compared to the uninfected brain (A). Using immunohistochemistry, serial sections of T3D-infected brain tissue 
were stained for viral antigen (C), TUNEL/apoptosis marker (D), and active caspase 3 (E). Staining for viral antigen, TUNEL, and active 
caspase 3 wras imdetectable in the mock-infected brains (data not shown). 

These results were confirmed by finding changes 
in nuclear structure characteristic of apoptosis, 
including chromatin condensation and margination 
in cells stained by the fluorescent nuclear dye. 
Hoechst 33342 (Figure 2B). Proapoptotic signal trans- 
duction leads to activation of a caspase-activated 
endonuclease that cleaves DNA at internucleoso- 
mal points (located at ~180-bp intervals) and ex- 
poses 3' OH ends normally boimd by nuclear pro- 
teins. These two features of apoptosis were detected 
by DNA ladder assay and TUNEL (Gavrieli et al, 
1992), respectively. Apoptotic DNA fragmentation 
detected by DNA ladder assay was present in T3D- 
infected NB4 and MCC (Figure 2C). There was sig- 
nificantly greater levels of free 3' OH ends detected 
by TUNEL in T3D-infected NB4 and MCC as com- 
pared to mock infected cells at 48 h post infection 
(Figure 2D). As an additional control, we also infected 
the neuronal cultures with type 1 reovirus strain 
Lang (TIL), a reovirus strain that induces signifi- 
cantly less apoptosis than T3D in non-neiuronal cell 
cultures (Tyler etal, 1995). The percentage of TUNEL- 

positive cells in TlL-infected neuronal cultures 
was similar to that in mock-infected cultures (see 
Figure 2D). 

Reovirus-induced neuronal apoptosis requires viral 
binding at host cell receptors 
In order to insure that apoptosis seen in reovifiis- 
infected neuronal cultiu-es occiured as a direbt 
consequence of viral binding, we tested whether.a 
monoclonal antibody (9BG5, hereafter "anti-TSQ'') 
specific for the T3D ffi viral attachment protein 
would inhibit virus-induced apoptosis. Anti-T3D has 
been shown to protect neonatal mice from T3D- 
induced neuronal injury (Virgin et al, 1988; Tyler 
et al, 1989), and inhibits apoptosis in non-neuronal 
cultures in vitro (Tyler et al, 1995; Oberhaus et al, 
1997). T3D inoculum was preincubated (1 h) with 
either anti-T3D or an isotype-matched control anti- 
body specific for the TIL cri protein (5C6) (Virgin 
et al, 1988; Tyler et al, 1989) prior to infection of 
neuronal cultures. Nuclear morphology assays and 
TUNEL were performed at 48 h post infection to 
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Figure 2 (A) Scatter plots representing flow cytometric analysis 
of mock (M)-infected, T3D-infected, and ethanol {ETOH)-treated 
mouse NB41a3 neuroblastoma cells (NB4], stained with annexin 
V-FTTC and propidium iodide at 10 h post infection generated fol- 
lowing flow C3rtometry. Annexin V-FITC fluorescence intensity is 
on the X axis (FLl channel] and propidium iodide fluorescence is 
on the y axis (FL3 channel). (B) Percent apoptosis in M- and T3D- 
infected NB4 and mouse primary cortical cultures (MCC) at 24 and 
48 h post infection. Data are presented as mean ± standard error of 
three to four experiments with 300 cells coimted per condition per 
experiment, "P < .001 for M versus T3D at both 24 and 48 h post 
infection by THikey-Kramer multiple-comparison test. PI = post 
infection. (C) By 48 h PI, T3D infection-induced oligonucleoso- 
mal DNA fragmentation ("ladders") in NB4 and MCC. (D) The per- 
centage of TUNEL-positive NB4 and MCC following M infection, 
T3D infection, and TlL infection. Data are presented as mean :t 
standard error of six experiments with 300 cells counted per con- 
dition per experiment, * P < .001 for M versus T3D and T3D versus 
TlL by TVikey-Kramer multiple-comparison test. 

MOCK T3D anti-T3D   anti-TlL 
+t3D +f3D 

Figure 3 Effects of incubating T3D with monoclonal antiboily 
(anti-T3D) specific for the T3D viral attachment protein or with 
an isotype-matched control antibody (anti-TiL) specific for'the 
TlL viral attachment protein prior to infection of mouse neurob- 
lastoma cells (NB4) and mouse primary cortical cultures (MCC). 
These are compared with T3D- and mock-infected NB4 and MCC. 
Data are percentage TUNEL-positive cells in each treatment. Data 
are presented as mean ± standard error of three experiments with 
300 cells counted per condition per experiment, *P < .OOlforanti- 
T3D 4- T3D versus anti-TiL -»- T3D and anti-T3D + T3D versus T3D 
by IVikey-Kramer multiple-comparison test. 

determine percentage of apoptotic cells present in 
each sample. Treatment of T3D with anti-T3D but 
not with control anti-TiL significantly inhibited 
reovirus-induced apoptosis in both types of neuronal 
culture (Figure 3). 

Reovirus induces both direct and 
bystander apoptosis 
Reovirus encephalitis is associated with both jiji- 
rect and "bystander" apoptosis as indicated uljiy 
many cells in T3D-infected mouse cortex dualilsai- 
beled for reovirus antigen and apoptosis and fevi^Sr 
cells positive for apoptosis marker alone (Oberhaiis 
et al, 1997) (Figure 4A). In order to determine 
if both these mechanisms of apoptosis also oc- 
curred in neuronal culttn-es, we performed dual 
labeling by immimocj^ochemistry and TUNEL to 
determine whether cells infected with T3D were 
also undergoing apoptosis. We found that although 
the great majority of cells were undergoing apop- 
tosis, there was a subset of apoptotic cells that 
were uninfected (antigen negative) but located in 
proximity to virus-infected cells. Thus, although 
most apoptotic cells in reovirus-infected neuronal 
cultures were virus-infected, some cells appeared 
to be undergoing "bystander" apoptosis (Table 1; 
Figure 4B,C). 
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Figure 4-5A 
Figure 4 (A) A coronal section of T3D-infected neonatal mouse cortex was triple labeled with Hoechst 33342 (nuclear dye), TUNEL-Cy3 
(apoptosis marker), and immunohistochemistry for viral antigen-FITC (anti-T3D) to determine whether cells positive for viral antigen 
were also undergoing apoptosis. Colocalization of viral antigen and apoptosis was also detected in (B) mouse primary cortical cultures 
(MCC) and (C) mouse neuroblastoma ceUs (NB4) by triple labeling with Hoechst 33342. TUNEL-Cy3, and anti-T3D-FITC. Apoptotic cells 
that are not T3D-infected may be undergoing "bystander" apoptosis (indicated by white arrows). Figure 5(A) T3D infected mouse primary 
cortical cultures (MCC) were triple labeled with Hoechst 33342, immunocytochemistry for neitton nuclear protein-Cy3 (anti-NeiiN). and 
immunocytochemistry for viral antigen-FITC (anti-T3D) to determine if the T3D infected cells were neurons. The primary cortical cultutes 
are heterogeneous with approximately 70% neurons and 30% glia. Neurons (Cy3-red) are positive for NeuN and T3D (FITC-green). The 
large nuclei (Hoechst-blue) of glia are neither NeuN positive nor T3D positive (indicated by white arrows). 
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Table 1   Percentage distribution of apoptotic (TUNEL +) and 
infected (antigen +) cells in neuronal cultures 

Antigen +     Antigen +     Antigen -     Antigen - 
TUNEL+      TUNEL-      TUNEL +      TUNEL- 

NB4' 
24 h PI" 7% (± 2%) 52% (± 2%) 11% {± 1%) 31% (± 3%) 
48 hPI 33% (± 2%) 38% (± 3%) 13% {± 2%) 16% (± 3%) 

MCC" 
24 h PI 6% (± 1%) 36% (± 4%) 11% {± 2%) 47% (± 4%) 
48 hPI 38% (± 2%) 26% (± 3%) 12% (± 3%) 25% (± 3%) 

*NB4 = NB41a3; mouse neuroblastoma cell line. 
••PI = post infection. 
•••MCC = mouse primary cortical cultures. 

T3 reovirus grows in mouse neuroblastoma-derived 
cell lines and mouse primary cortical cultures and 
infects neurons in mixed primary cortical cultures 
To determine if T3D infects neurons in vitro as seen 
in vivo, we used dual lable immunocytocchemistry to 
detect neurons (anti-neuron nuclear protein; NeuN) 
and reovirus infected cells (anti-T3D) in mixed (70% 
neurons, 30% glia) primary cortical cultures. Re- 
ovirus antigen was only detectable in cells that 
were also expressing neuron nuclear protein, indi- 
cating that following infection of mouse cortical cul- 
tures in vitro, T3D infection is restricted to neiu-ons 
(Figure 5 A). Although we have previously shown that 

reovirus-induced apoptosis in non-neuronal cells 
does not require viral replication, and that differences 
in the capacity of reovirus strains to induce apoptosis 
is not correlated with their replication efficiency in 
target cells (Rodgers etal, 1997; Tyler et al, 1995), we 
wished to determine whether this was true in neu- 
ronal cultures. We assessed viral yield by plaque as- 
say following infection with T3D in NB4 and MCC. 
T3D grows in both t3^es of neuronal culture. TIL 
grows to a significantly lower titer in NB4 as com- 
pared to T3D infected cells and does not grow in MCC 
(Figure 5B). 

Reovirus-induced apoptosis in neuronal cultures is 
mediated by caspase 3 and caspase inhibition 
protects neurons from apoptosis 
Many proapoptotic signaling pathways involve ac- 
tivation of caspase cascades that originate with 
pathway-specific initiator caspases (e.g., caspases 8 
and 9) and converge on common downstream effec- 
tor caspases (e.g., caspase 3). Having shown that cas- 
pase 3 was activated in the brains of T3D-infected 
neonatal mice, we wished to determine whether it 
was also activated in T3D-infected neuronal cul- 
taies. We first looked for caspase 3 activation in NB4 
using a fluorogenic caspase substrate assay. Cell 
lysate was mixed with DEVD-AFC, a fluorogenic 
substrate that binds active caspase 3, allowing its 
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Figure 5 (B) One step growth curves were performed for both T3D and TlL in mouse neuroblastoma cells (NB4) and mouse primary 
cortical cidtures (MCC). The data are represented as mean viral yield (loglO PFU/ml) ± standard error obtained at the designatedtimepoint 
after an initial exposiue to viral inoculum at time 0 ['P < 0.01 and "P < 0.001 by lUkey-Kramer multiple comparisons test). 



Reovlrus-induced neuronal apoptosis 
SM Richardsoi>Bums eta/ 371 

detection by fluoremetry. We detected significantly 
greater levels of active caspase 3 in T3D-infected NB4 
as compared with mock-infected cells by 24 h post 
infection (Figure 6A). We next performed immuno- 
cytochemistry to detect the active caspase 3 firagment 
in T3D-infected NB4 and MCC at 24 h post infec- 
tion. In both types of neuronal culture, T3D infection 
significantly increased the number of cells positive 
for active caspase 3 as compared to mock-infected 
cells (Figure 6B). Lastly, we wished to understand 
whether inhibition of caspase 3 activity could pro- 
tect neuronal cultures from T3D-induced apoptosis. 
NB4 and MCC were treated with the cell-permeable 
caspase 3 inhibitor, DEVD-FMK, for 1 h prior to in- 
fection with T3D and throughout the infection. At 
48 h post infection, TUNEL or apoptotic morphology 
assay was performed. We found that caspase 3 in- 
hibition protected NB4 and MCC from T3D-induced 
neuronal apoptosis (Figure 6C). 

Reovirus-induced apoptosis in neuronal cultures is 
associated with activation of caspase 8 and death 
receptors of the TNF receptor superfamily 
Having established that reovirus-induced apoptosis 
was associated with activation of the downstream ef- 
fector caspase, caspase 3, we next wished to deter- 
mine which upstream caspases were involved in ini- 
tiating this process. Having previously shown that 
caspase 8 activation is an early event in reovirus- 
induced apoptosis in non-neiuonal cells, we looked 
for the presence of caspase 8 activation that preceded 
caspase 3 activation in NB4 (Clarke et al, 2001). Us- 
ing a cell-free fluorogenic substrate assay for detect- 
ing active caspase 8, we found that caspase 8 was 
active in T3D-infected NB4 by 20 h post infection 
(Figure 7A). We also performed Western blot analysis 
to detect antibody of caspase 8 in whole cell lysates 
from infected NB4. This showed the presence of cas- 
pase 8 cleavage products, indicative of caspase 8 ac- 
tivation at ~20 h post infection (Figure 7B). Further- 
more , we used immunoc3i:ochemistry to detect active 
caspase 8 in T3D-infected MCC at 20 h post infection 
(Figure 7B). 

Having shown that caspase 8 was activated in 
reovirus-infected neuronal cultvtres, we wished to 
determine whether inhibition of this activity could 
protect neuronal cultures from reovirus-induced 
apoptosis. We pretreated NB4 and MCC with the cell- 
permeable caspase 8 inhibitor lETD-CHO (EETD) or 
the caspase 9 inhibitor Z-LEHD-FMK (LEHD) 1 h 
prior to and during T3D infection, then assayed apop- 
tosis by TUNEL staining at 48 h post infection. Li 
T3D-infected NB4 and MCC (MCC data not shown), 
inhibition of caspase 8 activity, but not inhibition 
of caspase 9 activity, significantly decreased the per- 
centage of TUNEL-positive NB4 (Figure TO). We next 
assayed cells treated with lETD to determine whether 
inhibition of caspase 8 activation was associated with 
inhibition of effector caspase activation. lETD did not 
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Figure 6 (A) Caspase 3 activity is increased in T3D-infected 
mouse neuroblastoma cells (NB4) as compared to mock infected 
ceUs at 24 h post infection. Data are raw fluorescent values obtained 
at 405 nm excitation and 500 run emission. Data are mean raw fluo- 
rescence ± SEM ('P < .01 by "Rikey-Kramer multiple-comparison 
test). (B) Immunoc3rtochemistry was performed on mouse primary 
cortical cultures (MCC) and NB4 at 24 h post infection (PI) to de- 
tect the presence of active caspase 3 (anti-active caspase 3). Ac- 
tive caspase 3 is detectable in T3D-infected neuronal cultures but 
not in mock infected neuronal cultures. Cells were coimterstaihed 
with Blue Counterstain. (C) The effect of inhibition by specific 
cell-permeable peptide inhibitor of caspase 3, DEVD-CHO (DEW)) 
on T3D-induced apoptosis in NB4 and MCC. Data are percent- 
age of TUNEL-positive cells in NB4 or percentage apoptotic cells 
in MCC cells in each treatment. Data are presented as mean ± 
standard error of six experiments with 300 cells counted per con- 
dition per experiment,* P < .001 for M versus T3D and T3D versus 
T3D-DEVD by "Rikey-Kramer multiple-comparison test. 
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Figure 7 (A) Caspase 8 activity is increased in T3D-infected mouse neuroblastoma cells (NB4) as compared to mock-infected cells at 20 
and 24 h post infection. Data are raw fluorescent values obtained at 405 nm excitation and 500 ran emission. Data are mean fluorescence ± 
SEM ('P < .01 by Tukey-Kramermultiple-comparisontest). (B) Active caspase 8 (40-kDa cleavage fragment of pro-caspase 8) is increased 
in T3D-infected NB4 as compared to mock infected NB4 by 20 h post infection (PI) as detected by Western blot analysis. Protein loading 
was normalized by Western blot detection of actin levels. (C) Active caspase 8 is detectable in T3D-infected mouse primary cortical 
cultures (MCC) at 20 h PI by immunocytochemistry. (D) The effect of inhibition by specific cell-permeable peptide inhibitors of caspase 8, 
lETD-CHO (lETD) and caspase 9, Z-LEHD-FMK (IJEHD), on TSD-induced apoptosis in NB4. Data are percentage of TUNEL-positive cells 
in each treatment at 48 h PI. Data are presented as mean ± standard error of six experiments with 300 cells counted per condition per 
experiment, 'P < .001 T3D versus T3D -I- lETD by Tukey-Kramer multiple-comparison test. At 24 h PI, caspase 3 activity was decreased 
in T3D-infected NB4 treated with either the caspase 8 inhibitor, lETD-CHO (lETD), or the caspase 3 inhibitor, DEVD-CHO (DEVD), as 
compared to untreated T3D-infected NB4. Data are raw fluorescent values obtained at 405 nm excitation and 500 nm emission. Data are 
mean raw fluorescence ± SEM (* P < .01 for T3D versus T3D -I- lETD, T3D versus DEVD by TVikey-Kramer multiple-comparison test). 
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directly inhibit caspase 3 activity at the concentra- 
tions tested (data not shown). Caspase 3 activity was 
measured in reoviius-infected lETD-treated cultures 
by fluorogenic substrate assay. We found that caspase 
3 activity was significantly decreased by treatment 
of T3D-infected NB4 with lETD, suggesting that in 
T3D-induced neiu^onal apoptosis, caspase 3 activity 
was at least in part mediated by active caspase 8 
(Figure 7D). 

Caspase 8 is a DR-associated initiator caspase. 
The presence of active caspase 8 in T3D-infected 
neiu-onal cultures, and the inhibition of reovirus- 
induced apoptosis by caspase 8 inhibitor, suggested 
that reovirus-induced neuronal apoptosis was me- 
diated by activation of DRs. Tlimor necrosis fector 
(TNF) receptor superfamily DRs are transmembrane 
proteins activated by death-inducing ligands, includ- 
ing TNFa, TNF-related apoptosis-inducing ligand 
(TRAIL), and Fas ligand (FasL) (Ashkenazi and Dixit, 
1998). To test whether reovirus activates DR signal- 
ing in neuronal cultiu-es, we treated T3D-infected 
NB4 and MCC with several different soluble recom- 
binant death receptors (Fc:DR5/TRAIL-R2, Fc:TNFR- 
1, Fc:CD95/FASR), and assayed apoptosis by TUNEL 
staining at 48 h post infection. In T3D-infected NB4, 
we foimd that treatment with either Fc:DR5/TRAIL- 
R2 or Fc:TNFR-l significantly decreased the per- 
centage of TUNEL-positive cells. "IVeatment of T3D- 
infected NB4 with Fc:CD95/FASR had no effect on 
T3D-induced apoptosis (Table 2). In T3D-infected 
MCC, we found that treatment with either Fc:TNFR- 
1 or Fc:CD95/FASR significantly decreased the per- 
centage of TUNEL-positive cells, "fteatment of T3D- 
infected MCC with Fc:DR5/TRAIL-R2 had no effect 
on T3D-induced apoptosis (see Table 2). These results 
indicate that DRs play a key role in reovirus-induced 
neuronal apoptosis. 

Mitochondria-associated proapoptotic signaling 
mediated by cytochrome c and caspase 9 is not 
a major factor in reovirus-induced apoptosis 
in neuronal cultures 
We have recently shown that reovirus-induced 
DR-initiated apoptosis of HEK293 cells is ampli- 
fied by mitochondria-associated apoptotic signal- 
ing, as indicated by robust release of cytochrome c 
from the mitochondria and activation of caspase 9 

Table 2   Percent inhibition of T3D-induced apoptosis in neuronal 
cultures by soluble death receptors 

Fc:Receptor Fc:DR5 Fc:TNFR FcJ'ASR 

NB4* 

MCC"* 

23% (± 4%) 
P < .001 

4% (± 4%) 
NS 

22% (± 4%) 
P < .01 

25% (± 6%) 
P < .05 

1% (± 5%) 
NS" 

49% (± 6%) 
P < .001 

•NB4 = NB41a3; mouse neuroblastoma cell line. 
"NS = not significant. 
"•MCC = mouse primary cortical cultures. 

(Kominsky, 2002). We wanted to understand whether 
there was similar involvement of the mitochondria 
in reovirus-induced apoptosis in neuronal cultures. 
Using Western blot analysis of cell lysates from T3D- 
infected NB4 separated into cytoplasmic and mem- 
brane/mitochondrial fractions, we did not find evi- 
dence of significant release of cytochrome c in the 
cytoplasm (Figure 8A). Cytosolic cj^ochrome c par- 
ticipates in the apoptosome-mediated activation of 
caspase 9 (Li et al, 1997). Small amounts of active 
caspase 9 were detectable by Western blot in reovirus- 
infected NB4, but only at late times (28 to 36 h) post 
infection, well after the peak of caspase 3 activa- 
tion (Figure 8B). In T3D-infected MCC, there was no 
increase in c3rtosolic cytochrome c and active cas- 
pase 9 was not detected (data not shown). In con- 
trast to the effects seen with caspase 3 inhibitor (see 
Figure 6C), treatment of T3D-infected NB4 with cas- 
pase 9 inhibitor (Z-LEHD-FMK) did not inhibit T3D- 
induced apoptosis (see Figm-e 7D). Taken together, 
these data suggest that mitochondria-mediated apop- 
tosis associated with release of c5^ochTome c from 
the mitochondria and activation of caspase 9 does not 
significantly contribute to reovirus-induced neuronal 
apoptosis. 

Discussion ''^^C, 

In this paper, we show that T3 reovirus-induced neu- 
ronal apoptosis in the neonatal mouse CNS involves 
activation of caspase 3, a key effector downstream 
of many proapoptotic signaling molecules. Active 
caspase 3 staining was found in brain regions with 
reovirus-induced tissue injury and colocalized with 
reovirus antigen and TUNEL (apoptosis marker). To 
further elucidate the signal transduction mechanisms 
by which reovirus induces apoptosis in neurons, 
we investigated reovirus-induced neuronal apoptosis 
in vitro using neuron-derived cell lines and primary 
cultures of terminally differentiated neurons. 

T3D kills and also grows in mouse neiiroblastoma- 
derived cell line NB41a3 (NB4) and mouse primary 
cortical cultiu-es derived from embryonic (E20) mice 
(MCC). Using a variety of different assays, we show 
that T3D-induced neuronal cell death results frorri 
apoptosis as demonsfrated by changes in the loca- 
tion of plasma membrane PS as detected by annexin'V 
staining, nuclear condensation and/or margination tfe 
shown by nuclear dye assays, and apoptosis-speci^c 
DNA fragmentation as seen using TUNEL and DNA 
laddering. We also found that caspase 3 is activated 
in reovirus-infected neuronal cultures, paralleling re- 
sults seen in the CNS following infection in vivo. 

Having shown that caspase 3 was activated in 
reovirus-infected neuronal cultures, we wished to 
determine the upstream events in this process. 
We found that caspase 8, a DR-associated initia- 
tor caspase, is activated in both NB4 and MCC 
cultures as early as 18 h following T3D infection. 
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Figure 8 (A) Significant levels of cytosolic cytochrome c are not detected in T3D-infected mouse neuroblastoma cells (NB4) nor in mock- 
infected cells by Western blot analysis. (B) There is no difference in levels of active caspase 9 (40-kDa cleavage fragment of pro-caspase 
9) between T3D-infected and mock-infected NB4 at time points preceeding caspase 3 activation (approximately 24 h post infection) as 
detected by Western blot analysis. Protein loading was normalized by Western blot detection of actin levels. PI = post infection. 

Caspase 8 is activated by stimulation of the TNF re- 
ceptor superfamily DRs following binding of death- 
inducing ligands such as TNFa, TRAIL, and FasL 
(Ashkenazi and Dixit, 1998). Caspase 8 activation has 
been implicated in apoptosis induced by viruses in- 
cluding HIV (Patel et al, 2000), Epstein-Barr virus 
(Tepper and Seldin, 1999), and Sendai virus (Bitzer 
et cd, 1999). Recent studies from our laboratory 
indicate that in epithelial cell lines, and in cer- 
tain human breast and lung cancer cell lines, re- 
ovirus stimulates TRAIL release from infected cells, 
activating DR4/DR5 (TRAILR1/TRAILR2) signaling 
pathways, leading to caspase 8-dependent apop- 
tosis (Clarke et al, 2000, 2001). Reovirus-induced 
release of death ligands such as TRAIL may be 
a possible mechanism of induction of "bystander" 
apoptosis, which has been seen in the CMS follow- 
ing reovirus infection (Oberhaus et al, 1997), and 
also occurs in T3D-infected neuronal cultures (see 
Figure 4). 

The expression of DRs and their role in apopto- 
sis have been extensively studied in both epithelial 
and cells in the immune system (Dorr et al, 2002; 
Pettersen, 2000; Gupta, 2000; Strater and Moller, 
2000), but less is understood about the role of DRis 
in neuronal apoptosis. Similarly, the role of DRsih 
virus-induced apoptosis remains poorly understood. 
CNS-specific changes in the expression or activity 
of CD95/FASR and TNF receptors and/or their cor- 
responding death-inducing ligands have been im- 
plicated in neuronal apoptosis in vitro (McGuire 
et al, 2001), as well as in a variety of models 
of both vfral and nonviral apoptosis in vivo (tan 
et al, 2001; Rosenbaum et al, 2000; Sporer et al, 
2000; Jelachich and Lipton, 2001). We now show 
that inhibition of reovfrus-induced apoptosis in neu- 
ronal cultures is achieved using Fc-coupled solu- 
ble forms of TNF receptor superfamily DRs, specif- 
ically Fc:DR4/DR5 (TRAIL-R1/TRAIL-R2), Fc:FASR 
(CD95), or Fc:TNFRl. These results differ from those 
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in non-neuronal cells in which only Fc:DR4/DR5 
significantly inhibited reovirus-induced apoptosis 
(Clarke et al, 2000), and suggest that the pathways 
of DR activation induced by a common stimulus, in 
this case viral infection, may differ between different 
populations of cells in specific target organs. 

Sequential activation of caspases occurs in most 
forms of apoptosis, including during reovirus- 
induced apoptosis. Therefore, it is conceivable that 
if caspase activation could be inhibited early or at 
various stages in the apoptotic signal cascade, then 
dying cells may be able to recover and survive. Cas- 
pase inhibitors have been used successfully to pro- 
tect neurons firom apoptosis both in vivo and in 
vitro following several tjrpes of apoptotic stimuli 
(Kondratyev and Gale, 2000; Ma et al, 1998; Haia 
etal, 1997; Ray et al, 2000; Jiang etal, 2001; Jan etal, 
2000). Here we demonstrate that cell-permeable pep- 
tide caspase inhibitors show a hierarchy of efficacy in 
their capacity to inhibit reovirus-induced nexuronal 
apoptosis, with caspase 3 and caspase 8 inhibitors 
being significantly more than caspase 9 inhibitor (see 
Figure 7D). We have previously shown that inhibition 
of apoptosis can limit reovirus-induced myocardial 
injury in vivo (DeBiasi et al, 1999,2001). It will be im- 
portant to see whether caspase inhibition, which ef- 
fectively inhibits reovirus-induced neuronal death in 
vitro, can also prevent reovirus-induced CNS injury 
in vivo. 

Activation of the mitochondrial apoptotic path- 
way plays an integral role in augmenting DR-initiated 
signaling in reovirus-induced apoptosis of HEK293 
cells. In these cells, apoptosis is associated with Bid 
cleavage, robust release of cj^ochrome c into the cy- 
toplasm, and strong caspase 9 activation (Kominsky, 
2002). In contrast to these findings, we did not detect 
increased levels of cytochrome c in the cytoplasm 
of reovirus-infected neurons, nor was there signifi- 
cant activation of the mitochondrion-associated ini- 
tiator caspase, caspase 9. These results suggest that, 
in contrast to reovirus infected non-nevuronal cells, 
mitochondria-associated apoptotic signaling medi- 
ated by cjrtochrome c and caspase 9 does not sig- 
nificantly contribute to reovirus-induced neuronal 
apoptosis. 

These studies provide a profile of the activation 
of apoptotic signaling pathways in neuronal cells 
following viral infection, and indicate that these 
pathways may differ in important features from those 
in non-neuronal cells. It is increasingly evident that 
apoptosis is a factor in acute and chronic neurolog- 
ical diseases, including stroke, epilepsy, traumatic 
brain injury, and neiurodegenerative diseases. Many 
neurotropic viral infections, including those caused 
by HIV OPatel et al, 2000; Ohagen et al, 1999; Kaul 
et al, 2001; Gray et al, 2000), La Crosse virus (Pekosz 
et al, 1996), Sindbis virus (Nava et al, 1998; Jan et al, 
2000; Lewis et al, 1996), Dengue virus (Despres 
et al, 1996), Venezuelan equine encephalitis virus 
(Jackson and Rossiter, 1997b; Jackson et al, 1991), 

Rabies virus (Jackson and Rossiter, 1997a), herpes 
simplex virus (Thompson and Sawtell, 2000), arid 
poliovirus (Lopez-Guerrero etal, 2000; Girard etctl, 
1999), are associated with apoptosis, suggesting that 
this form of cell death is likely to be a common 
featiu-e of many CNS infections. This suggests that 
strategies designed to inhibit apoptosis may provide 
a novel approach for the treatment of virus-induced 
CNS diseases. 

Materials and methods 

Tissue culture 
Neuroblastoma-derived cell line The mouse 

neinoblastoma-derived cell line, NB41a3 (ATCC 
CCL-147) was obtained from the American Type Cul- 
ture Collection (ATCC, Rockville, MD) and main- 
tained in minimal essential media supplemented 
with 2 mM glutamine, 50 U/ml of penicillin asd 
streptomycin (P/S), 1 mM nonessential amino acic^^i 
and 10% heat-inactivated fetal bovine serxmi (FB^S; 
GibcoBRL, Gaithersburg, MD). Cells were plated at 
densities of 2 x 10^ cells per milliliter in tissue 
culture-treated 6-well, 12-well, or 96-well plates 
(Costar, Acton, MA), or polystyrene 8-well cham- 
ber slides (Lab-Tek H, Nunc/Nalgene International, 
Fisher Scientific, Pittsburgh, PA) and maintained at 
37"'C in 5% CO2. 

Primary cultures Primary cortical cultures were 
prepared fi'om embryonic day 20 (E20) Swiss- 
Webster mice. Pregnant mice were euthanized by 
isofluorane inhalation followed by cervical dis- 
location. Fetuses were removed fi:om the uterus, 
separated, and immediately submerged in ice cold 
sterile Hanks buffer (without calcium chloride, mag- 
nesium chloride, magnesium sulfate, and phenol red; 
GibcoBRL). Fetuses were decapitated with sterile 
scissors, and brains were removed and immediately 
submerged in fresh ice-cold sterile Hanks buffer. T|||B- 
frontal cortex was dissected, the meninges were re- 
moved, and the cortical tissue was washed thri|e 
times in fi-esh ice-cold Hanks buffer, then dissoci- 
ated with a 1-ml pipette tip. The percentage of viable 
cells was quantified by trypan blue staining using a 
hemocytometer. 

Cells were plated at densities of 10^ cells 
per milliliter in poly-D-lysine (PDL)-coated 6-well 
polystyrene plates or 8-well glass chamber slides 
(BioCoat, BD Biosciences, San Jose, CA) and main- 
tained in Neurobasal media supplemented with 
2 mM Glutamax, 50 U/ml P/S, 100 fiM glucose, and 
10% heat-inactivated FBS (GibcoBRL) at 37°C in 5% 
CO2. At 24 h following plating, the serum-containing 
mediiun was replaced by serum-free medium con- 
taining the nonserum nutritional supplement B27 
(Gibco BRL) to limit non-neuronal cell proliferation. 
Half the medium was replaced every 3 to 4 days, and 
cells were allowed to matine for 10 to 14 days befpxe 
use in experiments. 

IS/ 
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Viral infections 
Cells For most apoptosis and signal transduc- 

tion assays, subconfluent cell monolayers were in- 
fected with plaque-purified second passage labora- 
tory stocks of T3D or TIL at a MOI of 100 PFU 
per cell. This multiplicity of infection (MOI) was 
selected to generate a sjoichronized infection of all 
susceptible cells in the culture. For infections, the 
cell culture medium was aspirated and replaced 
with viral stock diluted in a minimal volume of 
cold gelatin saline, then incubated at 37°C for 1 
h, with rocking every 15 min. Following the 1- 
h infection, fresh medium was added to ttie cells, 
which continued to be maintained at 37°C with 
5% CO2. 

Mice Postnatal day 2 mice were infected with ei- 
ther T3D (10^ PFU) or mock-infected with an equiva- 
lent volume of diluent medium via intracerebral (IC) 
injection. Injections were made using a 29-gauge nee- 
dle in a 10-/xl volume. Animals were sacrificed 7 days 
after infection. 

Histology 
For histopathological and immunohistochemical 
staining, eight whole mouse brains per trieatment 
group (e.g., mock-infected, T3D-infected) were fixed 
by immersion in 10% buffered formalin for 24 to 
30 h at room temperature (RT), then cut in half along 
the mid-coronal line for sectioning. Fixed tissues 
were transferred to 70% ethanol, paraffin-embedded, 
and sectioned at 4 i^va thickness. For each animal, 
a coronal section that showed cingulate gyrus, hip- 
pocampus, and thalamus was stained with hema- 
toxylin and eosin for studies of the extent of virus- 
induced pathology. Paraffin-embedded sections were 
baked at 57°C for 5 min to enhance antigen retrieval, 
then deparaffinized by immersion in mixed xylenes, 
followed by rehydration in a series of descend- 
ing ethanol concentrations followed by phosphate- 
buffered saline. 

Viral growth assays 
Viral growth in neuronal cell cultures was assayed by 
determining viral titer at 0, 24, or 48 h following re- 
ovirus infection at a MOI oif 10. This MOI resulted in 
more distinct one-step growth curves but essentially 
similar peak titers to that seen with MOI 100 (data 
not shown). At the indicated times, infected neu- 
ronal cells were lysed via three fireeze (—70°C)-thaw 
(37°C) cycles, followed by manual disruption with a 
1-ml pipette tip. '\^al titer in cell lysates was deter- 
mined by plaque assay on monolayers of L929 mouse 
fibroblasts, as previously described (Tyler et al, 
1985). 

Apoptosis assays 
Flow cjrtometric analysis For the annexin V-PI 

assay (Flow-TACS, Trevigen, Gaithersburg, MD), 6 

wells per treatment group of 5 x 10^ cells were 
gently harvested with a 1:1 mixture of trypsin- 
versene (0.25%, GibcoBRL) and Accumax (Inno- 
vative Cell Technologies, San Diego, CA), then 
resuspended and washed in PBS. Once in suspen- 
sion, cells were incubated with 1.5 (ig annexin 
V-fluorescein isbthiocyanate (FITC) in 100 (il bind- 
ing buffer for 15 min in the dark at RT. PI (0.25 Mg 
in 400 /il binding buffer) was added, then cells 
were analyzed by flow cytometry (Coulter Epics; 
Beckman Coulter, FuUerton, CA). Annexin V-FITC 
was measuredby the FLl channel (x-axis), and PI was 
measured by the FL3 channel (y-axis). 

Nuclear morphology assays Apoptotic cells were 
identified by evaluating nuclear morphology at var- 
ious times following reovirus infection by staining 
fixed cells with the fluorescent nuclear DNA iin- 
tercalating dye, Hoechst 33342 (Molecular Probes, 
Eugene, OR). Apoptotic nuclei were identified by tlie 
presence of condensed and/or marginized chromatin. 
Cells were grown and infected in chamber slides, 
fixed at 24 or 48 h following infection with 3.7% 
formaldehyde/PBS for 20 min at RT, then incubated 
witii Hoechst 33342 (1 A^g/ml PBS) in the dark for 
15 min at RT. The slides were mounted with an an- 
tifade mounting media (4 mg phenylenediamine in 
1 ml PBS and 3 ml glycerol or Anti-Fade Kit from 
Molecular Probes). Apoptotic cells were quantified 
and imaged by fluorescence microscopy at 200 x mag- 
nification (Zeiss Axioplan 2 Digital Microscope with 
Cooke SensiCam 12 bit Camera). For each condi- 
tion, percentage of apoptotic cells was determined 
by counting 300 hunched cells in at least three 
individual samples. 

Apoptotic DNA ladder assays We evaluated the 
fragmentation patterns of DNA isolated firom c^^- 
trol and reovirus-infected cells using the method f|[J- 
scribed by Gong et al (1994). Briefly, 1 x 10^ nigji- 
ronal cells were harvested 48 h after infection with 
0.25% trypsin/versene (GibcoBRL) for 5 min at RT, 
then resuspended in 1 ml Hanks buffer, fixed with 
10 ml cold 70% ethanol, and placed at -20°C 
overnight. The next day, the ethanol was removed, 
DNA was extracted with a sodium phosphate-citrate 
buffer (92 parts 0.2 M NazHPOi, 8 parts 0.1 M cit- 
ric acid, pH 7.8), vacuum-dried, then incubated with 
0.25% Nonidet-P 40, RNase A (3 fig) and proteinase 
K (3 /ig) at 37°C for 30 min. Extracted DNA was 
separated by electrophoresis in a 2% TBE (25 mM 
tris-borate, 0.5 mM EDTA)/agarose gel containing 
10 fig ethidium bromide at 22 V for 18 h. DNA 
ladder pattern was visualized by ultraviolet (UV) 
illumination. A 100-base pair (bp) DNA molecular 
weight marker with high intensity bands at 600 bp, 
1.5 kilobases (kb), and 2.0 kb (GibcoBRL) was usedjto 
estimate molecular weight of DNA fragments.      '^^l 

TUNEL A biotin/streptavidin-based TUNEL ||t 
optimized for neuronal tissues and cells was u?|d 
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(NeuroTACS H; "IVevigen, Gaithersburg, MD). At 
48 h following reovirus infection, cells grown in 
chamber slides were fixed with 3.7% formalde- 
hyde/PBS for 10 min, post-fixed in methanol for 
20 min, then permeabilized in Nemropore (Trevi- 
gen) for 30 min at RT under hydrophobic cover- 
slips. For each condition, percentage of TUNEL- 
positive cells was determined by counting 300 
hundred cells in at least three individual samples. 

Brain tissue sections underwent antigen retrieval, 
deparaffinization, and rehydration, then were per- 
meabilized with Neuropore for 30 min at 37°C un- 
der hydrophobic coverslips. The remainder of the 
TUNEL assay for both nem:onal cells and brain tis- 
sue sections was performed in accordance with the 
manufacturer's guidelines. 

Inhibitor assays Nuclear morphology assays and 
TUNEL were used to determine whether treatment 
of T3D-infected neuronal cultvires with anti-reovirus 
sigma 1 antibodies (anti-T3D sigma 1, 9BG5; anti- 
TlL sigma 1, 5C6) firom (Virgin et al, 1988), cell- 
permeable caspase inhibitors, or soluble recombinant 
DRs could block T3D-induced apoptosis. Caspase in- 
hibitors used include DEVD-CHO, lETD-CHO, and 
Z-LEHD-FMK (Calbiochem, San Diego, CA). Neu- 
ronal cultxu"es were incubated at 37°C with 25 jttM 
caspase inhibitor for 1 h prior to infection and 
throughout infection. The cjrtopathic effect in- 
duced by vehicle (DMSO) alone was minimal (data 
not shown). Soluble DRs used include Fc:DR5 
(TRAILR2), Fc:CD95(FAS), and Fc:TNFRl (Alexis 
Corporation, San Diego, CA). Neuronal cultures were 
incubated at 37°C with 1 to 5 Mg/ml soluble receptor 
for 1 h prior to infection and tiiroughout infection. 
For assays using Fc:receptors, neuronal cultures were 
infected by T3D at MOI 50. 

Caspase 3 and 8 activation assays Caspase 3 
or caspase 8 activity in reovirus-infected and con- 
trol neuroblastoma cells was detected via ApoAlert 
Caspase 3 and 8 Activity Fluorometric Assays per 
manufacturer's guidelines (Clontech, Palo Alto, CA). 
Samples were transferred to 96-well enzyme-linked 
immunosorbent assay (ELISA) plates for detection 
of fluorescent activity with a fluoremeter (Cytofluor 
Series 4000; PerSeptive Biosystems) set at 400 nm 
excitation filter and 505 nm emission filter. 

Imm unocytochemistry and imm unohistochemistry 
Single antibody In preparation for immunoas- 

says, neuronal ceU cultures were grown and infected 
in 8-well chamber slides, fixed at various times fol- 
lovdng virus infection with 3.7% formaldehyde/PBS 
for 1 h at RT, and permeabilized with Neuropore for 
30 min at RT. Brain tissue underwent deparaffiniza- 
tion, rehydration, and permeabilization in Neiu'opore 
for 30 min at RT. Samples were washed in "IVis- 
buffered saline (TBS; 140 mM NaCl, 20 mM Tris, 
pH 7.6), nonspecific binding was blocked with 5% 

normal goat senun in TBS (NGS; Vector Laborato- 
ries, Bmrlingame, CA), then samples were incubated 
(overnight at 4°C) with primary antibody (1:50 to 
1:100) diluted in 3% bovine seriun albmnin (BSA; 
Sigma-Aldrich, St. Louis, MO) in TBS/0.1% Tween 
(TBST). Samples were next washed in TEST and 
incubated in blocking buffer with the appropriate 
secondary antibody conjugated to horseradish per- 
oxidase (HRP) (Amersham, Piscataway, NJ) or FITC 
(Jackson hnmunoresearch Laboratories, West Groue, 
PA) for 1 h at 37°C. Samples were washed witji 
TBST and either exposed to diaminobenzidine (DA^) 
for HRP-conjugated secondary antibody then pernif A 
nentiy mounted, or immediately mounted with att- 
tifade medium if the secondary antibody was con- 
jugated to FITC. Mounted samples were stored as 
described for TUNEL. Primary antibodies used for 
immunocytochemistry include rabbit polyclonal 
anti-active caspase 3, mouse monoclonal anti-active 
caspase 8, and rabbit polyclonal anti-active caspase 
9 (Cell Signaling Technology, Beverly, MA), rabbit 
polyclonal anti-active caspase 8, mouse monoclonal 
anti-cytochrome c (Santa Cruz Biotechnology, Santa 
Cruz, CA), mouse monoclonal anti-NeuN (Chemicon, 
Temecula, CA), and rabbit polyclonal reovirus antis- 
era (Tyler et al, 1985). 

Double antibody labeling The protocol described 
for fluorescent single antibody labeling was used with 
the addition of another incubation (usually 2 h at 
37°C) for the second primary antibody following the 
incubation and washes for the first primary antibody. 
The secondary antibodies were conjugated to diff^rr 
ent fluorophores with differing spectra, such as FlS:p 
and Cy3. The secondary antibodies were mixed i^i 
gether, diluted in 3% BSA/TBST, and incubated fbr 
1 h at 37°C. Samples were then washed in TBSt, 
incubated with Hoechst 33342 (100 ng/ml)/PBS for 
10 min at RT in the dark as counterstain, mounted 
with antifade medium, and stored in the dark at 
—20°C until imaging. 

Double label (antibody -|- TUNEL) For botii neu- 
ronal cells and brain tissue sections, binding of the 
primary antibody for the immunoassay was per- 
formed prior to TUNEL staining by diluting the pri- 
mary antibody (1:100) in Neuropore and incubating 
for 1 h at 37°C or overnight at 4°C under hydropho- 
bic coverslips. The TdT reaction was performed 
as described for TUNEL. A mixtmre of strep-Cy3 
(Jackson hnmunoresearch Laboratories) to detect 
TUNEL and secondary antibody (1:100) conjugated 
to FITC to detect tiie primary antibody. Sam- 
ples were washed and mounted as described fpr 
double-antibody labeling. p,' 

Western blots g; 
Cell lysates   Whole-cell lysates, mitochondriSl/ 

membrane lysates, and cytosolic/mitochondria-free 
lysates were prepared from neuronal cell cultures 
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by growing and infecting the cells in 6-well plates. 
At various times following viral infection, cells were 
harvested by incubation with 0.25% trypsin/versene 
(GibcoBRL), washed in PBS, and resuspended in 
the appropriate lysis buffer. Two wells of a 6-well 
plate were used for whole cell lysates. The cell pel- 
let was resuspended in 150 lA of whole cell lysis 
buffer (1% Nonidet P40, 0.15 M NaCl, 5 mM EDTA, 
0.01 M Tris pH 8.0, 1 M PMSF, 0.02 mg/ml leu- 
peptin, 0.02 mg/ml trypsin inhibitor), briefly soni- 
cated with a microtip probe, then mixed with 150 fil 
of Laemmli buffer (4% sodium dodecyl sulfate, 20% 
glycerol, 10% beta-mercaptoethanol, 0.004% bro- 
mophenol blue, 0.125 M Tris-HCl, pH 6.8). The re- 
maining 4 wells of the 6-well plate was used for 
preparation of both mitochondrial/membrane lysates 
and cytosolic/mitochondria-free lysates. The cell pel- 
let was resuspended in 300 Ml of mitochrondria-free 
extraction lysis buffer (220 mM mannitol, 68 mM su- 
crose, 50 mM PIPES-KOH, pH 7.4,50 mM KCl, 5 mM 
EGTA, 2 mM MgClz, 1 mM DTT; protease inhibitor 
cocktail, Boehringer Mannheim, Indianapolis, ID), 
incubated on ice for 30 min allowing mitochon- 
dria to swell, homogenized in a 2-ml glass dounce- 

homogenizer with 40 strokes, then centrifuged at 
14,000 X g for 15 min at 4°C to remove mitochondria 
and cell membranes. The supernatant was transferred 
to a fresh microfuge tube and 300 /il of Laemmli 
buffer was added. The mitochondria/membrane pel- 
let was resuspended in 150 Ail whole cell lysis buffer, 
briefly sonicated with a microtip probe, and mixed 
with 150 jLtl Laemmli buffer. All lysates were storied 
at -20°C until use. I' ■ 

Gels and immunoblots Lysates were boiled for 
7 min and electrophoresed (Hoefer Pharmacia 
Biotech, San Francisco, CA) in 10% or 15% glycine/ 
polyacrylamide gels or 10% or 15% Tricine/poly- 
acrylamide gels (for small proteins and peptides) 
at constant voltage of 60 V through the stack- 
ing gel and 150 V through the resolving gel. 
Proteins were electroblotted onto Hybond-C nitro- 
cellulose membranes (Amersham) and immunoblot- 
ting was performed as described (Poggioli et al, 
2000). Primary antibodies used for immunoblots in- 
clude anti-actin (Calbiochem), anti-caspase 9 (Cell 
Signaling Technology, Beverly, MA), and anti- 
cji:ochrome c and anti-caspase 8 (BD-Pharmingen, 
La JoUa, CA). 
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Msny viruisi^s NIonging to diverse virsl families witli difFering structure and replication strategies induce 
apoptosis both in cultured cells in vitro and in tissues in vivo. Despite tijis fact, little is known about the specific 
(seiluiar woptotic pathways induced dmrtag viral infection, We have previously shown that FeoviniS'^iQdueed 
apoptosis of HEE ceils is initiated by death receptor activation but requires augmentation by mitocbondrial 
apoptotic pathways for its ma'dmal expression. We now show that reovinis infection of HEK cells is associated 
with selective (?jtosoUc release of the mitoebondriai proapoptotic factors (^ochrome c and Smac/DlABlfO) but 
not the release of apptosls-induciiig factor, Release of these factors is not associated with loss of roitochon- 
drial transmembrane potential and is blocked by overexpression of Bel'?. Stable expression of easpase^9b, a 
dominant'negative form of caspase^?, blocks reoyirus-induced caspase'S* activation but fails to significantly 
reduce activation of the key effector caspase, caspase-3, ^mac/OlABi^ enhances apoptosis through its action 
on cellwlar inhibitor of apoptosis proteins (lAPs), Reovirus infection is associated with selective down^ 
regulation of cellular lAPs, including c^iAPl, ^0AP, and survivin, effects that are blocked by lichi expression, 
establishing the dependence of lAP down-regulation on mitochondrial events, Taken together, these results are 
consistent with a 'model in vrtiich Smac/PIABJE-O'mediated inhibition of lAPs, rather than cytochrome «> 
mediated activation of caspase^?, is the key event responsible for mitochondrial augmentation of reovirus- 
induced apoptosisl These studies provide the first evidence for the association of Smac/DIABLQ with vims- 
induced apoptosis, 

The apoptotic pathways leading to oell death can bg gener- 
ally divided into two nonexclusive sipaUng cascades involving 
death receptors (extrinsic pathways) QX roitoebondria (intrinsic 
pathway) (2, 37), Induction of apoptosis through the death 
receptor pathway is initiated by the l^inding of ligand to the 
receptor, caiising oli|oroeri?ation of the reeeptor. Tbk induces 
the fomiation of the death-induced signaling complex, leading 
to the activation of the initiator easpase, paspase-'g (2). Caspase=8 
can then activate dovrostreani effector caspases- Apoptosis via 
the Rijtochondrial pathway ^involves specific signals that allow 
the release of proapoptotic niolecuies from the inner-mem- 
brane iSpace, inplnding cytoclirome c (28), second mitochon- 
drion-derived activator of caspase (Smac/DIABLQ) (11, 55), 
apoptosis-induclni factor (AJF) (50); and endonuciease G 
(26), Cytosohc cytochtome e, Apaf-l, and proeaspase-9 form a 
complex termed the apoptosome (63), formation of the apop- 
tosome leads to the activation of caspase-9 and subsequent 
effector caspase activation, Reloealigation of Smae/DIABLO 
to the: cytoplasm promotes caspase activation through inhibi- 
tion of the inhibitor of apoptosis (lAP) protein family (11,55). 

lAP proteins are negative replators of apoptosis tliat inhibit 
caspase activiiy, lAP family members are characterized by the 
presence of one or more baculoviral lAP repeat domains (9). 
Six human lAP family members have been identified: NAIP, 

* Corresponding avthor. Mailing address; Departmeiit of Neurology 
(B-l§2), tfAiversity of Colorado Health Science Cpjiter, 42Q0 E 9tli 
Ave., Denver, CO 8Q262. Phone: (303) 393.2874. Fax: (303) 393-4686, 
E-mail: Ken,Tyler@uchsc,edu, 

C^IAPl, C-IAP2, XIAP, survivin, and BRUCl (1, 12, 15, 27, 
39), Four of these proteins--e-lAPl, c-IAPZ, XIAP, and sur- 
vivin-^have been shown to directly interact with caspase-3, 
easpase-7, and easpase-9 and, at least in the cases of c-lAPl, 
C-IAF2, and XIAP, inhibit caspase activity (10,41,51). Addi- 
tionally, reduction of C-IAP2 and XIAP protein levels is asso- 
ciated with apoptosis (25), The proapoptotic n^itochondriai 
protein Smac/DIABLp has been shown to directly interact 
with XIAP eliminating XIAP's ability to bind td and inhibit 
caspases and thereby promoting apoptosis (14), ' 

The Bcl-2 protein family js of central importance in the 
regulation of the mitochondrial apoptotic pathway- Members 
of this family may be either antiapoptotic (e,gi, Bel4 and 
icl-xl) or proapoptotic (eg,, iid, Bajc, and Bak), E!cl-2 appears 
to play a role in the maintenance of mitochondrial integrity 
and inhibits mitochondrial release of proapoptotic factors, 
Conversely, Bid, Ba^?, and Bak appear to faeiUtat^ the release 
of these factors (22), <■ 

Activation of the death receptor and mitoehonflrion-associ- 
ated death pathways are not mutually exclusive, and these 
pathways may interact (cross talk) at many levels,' One impor- 
tant link between these two pathways appears to involve the 
caspase-S-dependent ceavage of Bid, Truncated'Bid translo- 
cates to the mitochonc rion, where it facilitates release of mi- 
tochondrial proteins, ] iresumabty by inducing the homo-oli- 
gomerization of Bax or Bak (58). This process may result in 
alteration of the mitochondrial permeability transition pore 
and loss of mitochondrial membrane potential (A^m), How- 
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FIG. 1. Smac/DIABLO and cytochrome c are present in the cytosol of reovirus-infected cells. HEK 293 lysates were prepared at the indicated 
time points from mock-infected cells, reovirus-infected cells, or Bcl-2-overexpressing reovirus-infected cells and resolved using SDS-PAGE. 
Western blot analysis was performed using anti-Smac antibodies (A) and anti-cytochrome c antibodies (B). The Western is representative of two 
separate experiments. Lanes c, cytoplasmic fraction; lanes m, mitochondrial fraction, h.p.i., hours postinfection. 

ever, recent evidence has shown that Bid-dependent release of 
mitochondrial proteins can occur without perturbing mito- 
chondrial structure and function (20, 57). 

Mammalian reoviruses are nonenveloped double-stranded 
RNA viruses that repUcate exclusively in the cytoplasm. Reo- 
viruses have been shown to induce apoptosis both in cultured 
cells in vitro (33, 38, 54) and in specific tissues, including the 
heart and brain, in vivo (6, 34). Apoptosis is an important 
mechanism of reovirus-induced tissue injury in vivo, and inhi- 
bition of apoptosis dramatically reduces the severity of disease 
(6). 

Reovirus-induced apoptosis has been shown to involve death 
receptor 4 (DR4), death receptor 5 (DR5), and their cognate 
Ugand, tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL). Inhibition of the TRAIL/death receptor interaction 
with anti-TRAIL antibodies or soluble forms of DR4/DR5 
inhibits cell death (5). Recently we have shown that reovirus- 
induced apoptosis also requires activation of the mitochondrial 
apoptotic pathway (21). In reovirus-infected HEK cells, there 
is a caspase-8-dependent cleavage of Bid leading to the subse- 
quent release of cytochrome c and activation of caspase-9 and 
the effector caspase, caspase-3. Caspase-3 activation is inhib- 
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FIG. 2. Reovirus infection does not induce the mitochondria! release of AIF. HEK 293 lysates were prepared at the indicated time points from 
mock-infected and reovirus-infected cells and resolved using SDS-PAGE. Blots were probed with anti-AIF antibodies and are representative of 
three separate experiments. Lanes c, cytoplasmic fraction; lanes m, mitochondrial fraction, h.p.i., hours postinfection. 

ited in cells overexpressing a dominant-negative form of the 
adaptor protein FADD (FADD-DN) and in cells overexpress- 
ing Bcl-2, consistent with the importance of both extrinsic and 
intrinsic pathways in reovirus-induced apoptosis (21). 

In this study we set out to better characterize the mitochon- 
drion-dependent apoptotic processes induced following reovi- 
rus infection. Release of the mitochondrial proteins Smac/ 
DIABLO and AIF were examined. Additionally, the fate of a 
number of LAP protein family members was determined. We 
find that Smac/DIABLO is released into the cytosol of infected 
HEK 293 cells, while AIF remained sequestered in the mito- 
chondria. The release of cytochrome c and Smac/DIABLO 
occur without disturbing the mitochondrial membrane poten- 
tial. Additionally, by utilizing a dominant-negative isoform of 
caspase-9, we find that while the mitochondrial pathway is 
required for caspase-3 activation, caspase-9 is dispensable for 
this process. Finally, we find that a specific subset of LAP 
proteins are down-regulated following reovirus infection. 
These results suggest that activation of Smac/DIABLO-depen- 
dent rather that caspase-9-dependent pathways represents the 
key mitochondrial event during reovuiis-induced apoptosis 
and provide the first evidence for involvement of Smac/DIA- 
BLO in virus-induced apoptosis. 

MATERIALS AND METHODS 

Reagents. Anti-cytochrome c (7H8.2C12) (1:1,000), anti-poly(ADP-ribose) 
polymerase (anti-PARP) (C2-10) (1:2,000), and anti-XlAP/hILP (1:500) anti- 
bodies were purchased from Pharmingen (San Diego, Calif.). Anti-caspase-9 
(1:1,000) antibodies were purchased from Cell Signaling Technology (Beverly, 
Mass.). Anti-AIF, anti-c-IAPl, anti-c-lAP2, and antisurvivin antibodies were 
from Santa Cruz Biotechnology (Santa Cruz, Calif.). Antiactin antibodies 
(JLA20) (1:5,000) and anti-Smac/DIABLO (1:1,000) were from Calbiochem 
(Darmstadt, Germany). Anti-human cytochrome c oxidase (subunit II) antibod- 
ies (12C4-F12) (1:1,000) and the mitochondrial potential sensor JC-1 were from 
Molecular Probes (Eugene, Oreg.). Valinomycin was obtained from Sigma (St. 
Louis, Mo.). Anti-Fas antibody (CH-11) was from Upstate Biotechnology (Lake 
Placid, N.Y.). An ApoAlert caspase-3 fiuorometric assay kit was purchased from 
Clontech (Palo Alto, Calif.). 

Cells, virus, and DNA constructs. HEK 293 cells (ATCC CRL1573) were 
grown in Dulbecco's modified Eagle's medium supplemented with of penicillin 
and streptomycin (100 U/ml each) and containing 10% fetal bovine serum. 
Jurkat cells were a gift of John Cohen and were grown in RPMI supplemented 
with penicillin and streptomycin (100 U/ml each) and containing 10% fetal 
bovine serum. HEK 293 cells stably overexpressing Bcl-2 were provided by Gary 
Johnson. The cell line was constructed by cloning full-length Bcl-2 mto the 
pLXSN vector and transfecting cells via retroviral fransduction. The dominant- 

negative caspase-9b construct was a gift of Emad Alnemri and has been previ- 
ously described (47). The caspase-9b construct was transfected into HEK 293 
cells using Lipofectamine (Gibco, Grand Island, N.Y.). Reovirus (type 3 Abney) 
is a laboratory stock, which has been plaque purified and passaged (twice) in 
L929 cells (ATCC CCLl) to generate working stocks (S3). All experiments were 
performed using a muhiplicity of infection of 100. High multiplicities of infection 
were chosen to ensure synchronized infection of all susceptible cells and to 
maximize the apoptotic stimulus. 

Mitochondrial membrane potential measurement. HEK 293 cells were seeded 
in six-well plates at 10* cells per well in a volume of 2 ml and then infected with 
reovirus for the indicated time periods. Confrol cells were tteated with valino- 
mycin at a final concentration of 100 nM for 10 min at 37°C. Cells were harvested 
and washed two times with phosphate-buffered saline (PBS). Cells were resus- 
pended in 1 ml of PBS containmg JC-1 (10 (ig/ml) and incubated for 30 min at 
37°C. Cells were washed two times m PBS and resuspended in 1 ml of PBS. 
Finally, cells were analyzed using a Coulter Epics XL flow cytometer (Beckman- 
Coulter, Hialeah, Fla.). 

Western blot analysis. Reovirus-infected cells were harvested at the indicated 
times, pelleted by centtifugation, washed with ice-cold phosphate-buffered sa- 
Une, and lysed by sonication in 150 (il of lysis buffer (1% NP-40,0.15 M NaCl, 5.0 
mM EDTA 0.01 M Tris [pH 8.0], 1.0 mM phenylmethylsulfonyl fluoride, leu- 
peptin [0.02 mg/ml], trypsin inhibitor [0.02 mg/ml]). Lysates were cleared by 
centrifugation (20,000 X g, 2 min), mfaced 1:1 with sodium dodecyl sulfate (SDS) 
sample buffer, boiled for 5 min, and stored at -70°C. Mitochondrion-free ex- 
fracts were prepared as previously described (21) in buffer containing 220 mM 
mannitol, 68 mM sucrose, 50 mM PIPES-KOH (pH 7.4), 50 mM KCl, 5 mM 
EGTA, 2 mM MgQj, 1 mM dithiothreitol, and protease inhibitors (complete 
cocktail; Boehringer Mannheim, Indianapolis, Ind.). Proteins were separated by 
SDS-polyaciylamide gel electrophoresis (SDS-PAGE) and transferred to Hy- 
bond-C Extra nitrocellulose membrane (Amersham, Little Chalfont, Bucking- 
hamshire, England) for immunoblotting. Blots were then probed with the spec- 
ified antibodies at the dilutions described above. Proteins were visualized using 
the ECL detection system (Amersham). 

Caspase-3 activation assays. Caspase-3 activation assays were performed us- 
ing a kit obtained from Clontech. Experiments were performed using 10* cells/ 
time point. Cells were centrifuged at 200 x g, supematants were removed, and 
the cell pellets were frozen at -70°C until cells were collected at all the time 
points. Assays were performed as previously described (21) in 96-weIl plates and 
analyzed using a fluorescent plate reader (CytoFluor 4000; PerSeptive Biosys- 
tems, Framingham, Mass.). Results of all experiments are reported as means ± 
standard errors of the means. 

RESULTS 

Smac/DIABLO is released from the mitochondria following 
reovirus infection. Several proteins possessing proapoptotic 
functions are localized to tiie mitochondria. These include 
cytochrome c (28), Smac/DL\BLO (11, 55), AIF (50), and 
endonuclease G (26). Additionally, it has been reported that 
stores of the procaspase forms of several caspases are present 
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FIG, 3. Mitochondrial A^^ is not altered in reovirus-infected cells. HEK 293 cells were mOck-infected (A) or infected with reovirus for 0 h (B), 
6 h (C), 12 h (D), or 24 h (E). Control cells were treated with valinomycin (panel F). Cells were incubated with the membrane potential-sensitive 
dye JC-1 and analyzed using flow cytometiy. Red fluorescence indicates mitochondria with intact A^„ and green fluorescence indicates loss of 
A*'„. Results are representative of three separate experiments. 

in mitochondria (23, 29, 30, 36, 49). We have previously re- 
ported that cytochrome c is released from the mitochondria of 
reovirus-infected cells, leading to the activation of caspase-9 
(21). We wished to determine whether additional mitochon- 
drial molecules were also involved in reovinis-induced apopto- 
sis. We began by examining the distribution of Smac/DlABLO 
following reovirus infection. Mitochondrion-free lysates were 
prepared from both mock- and reovirus-infected cells at the 
indicated time points and analyzed by Western blot for the 
presence of cytosolic Smac/DIABLO (Fig. lA). Blots were also 
probed with anti-cytochrome c antibodies and the full time 
coiirse of cytochrome c release is also shown (Fig. IB). Anti- 
sera directed against the mitochondrial integral membrane 
protein cytochrome c oxidase (subunit II) were employed to 
ensure the samples were free of mitochondrial contamination 
(data not shown). Smac/DIABLO is released into the cyto- 
plasm of reovirus-infected cells (Fig. lA) and SmaC/DIABLO 
and cytochrome c are detected in the cytoplasm of infected 
cells beginning at 4 h postinfection (Fig. 1). The Smac/DIA- 
BLO band detected at 0 h postinfection represents background 
levels as similar amounts of protein are also detected in mock- 
infected extracts (Fig. 1). Additionally, the release of both 
proteins is blocked in cells overexpressing Bcl-2 (Fig. 1). In- 
terestingly, the release of Smac/DIABLO appears to exhibit a 

biphasic pattern which we have previously described for other 
events following reovirus infection, including caspase-8 activa- 
tion. Bid cleavage, and caSpase-3 activation (21). The early 
phase of Smac/DIABLO release was detectable at 4 h postin- 
fection and then diminished. A second phase of Smac/DIA- 
BLO release was detectable at ~16 h postinfection and was 
sustained over the remainder of the time course (Fig. lA). 

AIF is not released from the mitochondria of reovirus-in- 
fected cells. AIF is a mitochondrial protein that can translocate 
to the nucleus, leading to nuclear apoptosis (50). The relocal- 
ization of AIF to the nucleus induces a caspase-independetit 
apoptotic pathway (19). It has been shown that AlF is released 
from the mitochondria of cells following human iinmunodefi- 
ciency virus (HIV) infection (13) and herpes simplex virus type 
1 (HSV-1) infection (61). We examined AIF localization in 
reovirus-infected cells using mitochondrion-free lysates. As 
shown in Fig. 2, AIF is not detected in the cytoplasm following 
reovirus infection. We also prepared nuclear extracts frOm 
both mock- and reovirus-infected cells to ensure that AIF had 
not translocated the nucleus. We could not detect nuclearly 
localized AIF following reovirus infection (data not shovrti). 
These experiments demonstrate that the mitochondrial pro- 
apoptotic proteins Smac/DIABLO and cytochrome c, but not 
AIF, are released in reovirus-infected cells. 
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FIG. 4. Inhibition of caspase-9 activation does not prevent effector caspase activation. Western blot analysis was performed using HEK 293 
lysates harvested at the indicated time points from mock-infected and reovirus-infected cells and probed with anti-caspase-9 antibodies (A) or 
anti-PARP antibodies (C). Control lanes represent Jurkat cell lysates untreated (-) or treated (-(-) with activating anti-Fas antibody and harvested 
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Mitochondrial membrane potential is maintained following 
reovirus infection. We have shown that reoviras infection re- 
sults in the caspase-8-dependent cleavage of the proapoptotic 
protein Bid (21). It has been reported that Bid-dependent 
cytochrome c release can occur in the absence of mitochon- 
drial membrane potential (A'*'„,) loss (20,57). Previous studies 
suggested that reovirus infection did not aher A^^ in monkey 

kidney CV-1 cells (46). In light of our data mdicating the 
release of both cytochrome c and Smac/DLABLO from the 
mitochondria of infected cells, we wanted to determine the 
state of the A'*'^ following infection of HEK 293 cells using the 
A^„-sensitive dye JC-1. Using JC-1, high A'^^ is indicated by 
red fluorescence and low A.'^^ is indicated by green fluores- 
cence. As shown in Fig. 3, no A^n, reduction is detected over 
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the reovirus infection time course (Fig. 3B to E) compared to 
mock-infected cells (Fig. 3A). As a control cells were treated 
with the apoptosis-iflducing agent valinomycin, a K"*" iono- 
phore that induces loss of A^„ (Fig. 3F) to show the shift in 
red to green fludresceiice that accompanies A^„ perturbation. 

Caspase-9 activiition is dispensable for effector Caspase ac' 
tivation following reoivinis infedtion^ Having shown that both 
cytochrome c and Smac/DIABLO are released from the mito- 
chondria of reovirus-iiifected cells, we wanted to determine the 
importance of the contribution of these proteins to reovirus- 
induced apbptosis. Cells were transfected with a doniinant- 
ilegative form of caspase-9, caspase-9b (47). Unlike Bcl-2 over- 
expression, which blocks all mitochoiidrially mediated events, 
caspase-9b only interferes vnth the cytochrome c-dependent 
process of caspase-9 activation. Expression of the Caspase-9b 
isoform was coiifirmed by Western blotting (data not showii). 
As shown in Fig. 4A caspase-9b expression prevents the acti- 
vation of endogenous Gaspase-9, as evidenced by the failure to 
detect the 37-kDa fragment of active caspase^9. We next in- 
fected cells expressing caspase-9b and utilized a caspase-5 flu- 
orogenic substrate assay to measure the activity of caspase-3. 
We found that inhibition of caspase-9 activation did not pre- 
vent reovirus-iflduced activation of caspase-3 (Fig. 4B). This 
result Was confirmed by examining the cleavage of the endog- 
eiioiis caspase-3 substrate PARP. As shown in Fig. 4C, the 
85-ld)a cleavage fragment Of PARP is detected iii both reovi- 
rus-iilfected cells and reOvirus^infected, caspase-9b-expressing 
cells. These results in conjunction With our previous studies 
establishiilg the importance of the mitochondrial pathway in 
reovirus-induced apoptosis indicated that cytochrome c-de- 
pendent caspase-9 activation was not required for apoptosis 
following reovirus infection. 

XIAP is cleaved in refovints-infected cells. Having shown 
that Smac/DIABLO was released froin Witochondria in reovi- 
rus-infected Cells, We next wished to detemiine whether this 
was associated with alterations in cellular levels Of lAPs. XIAP 
is a ubiquitously expressed protein (27) that is cleaved follow- 
ing induction Of apoptosis (8, 18). Therefore, using Western 
blot analysis we looked for the presence of cleaved XlAP 
following reovirus infection. As shovto in Fig. 5, the ~3iO-kDa 
XIAP cleavage fragment is detected at 12 h postinfection and 
persists Over the time Course of the infection. This fragment is 
not detected in mock-infected or in reovifUs-lnfected Cells 
overeXpressing Bcl-2 (Fig. 5), indicating that activation of the 
mitochondrial apoptotic pathway is required for XIAP cleav- 
age. 

c-IAPl and surviviii are dowii-regalated in reoVirUiS-iiifected 
cells. We next examined the cellular levels of several other lAP 
family members following reovirus infection. SiufviVin, like 
XIAP, has been shown tO inhibit apoptosis. We used Western 
blot analysis to examine survivin protein levels following reo- 
virus infection. SufviVin protein levels Were found to dramati- 
caliy decrease in reovirus-infecfed cells beginning at •^li h 
postinfection (Fig. 6). This reduction Was rtOt seen in fliock- 
infected cells and was strongly inhibited in reovirus-infected, 
BcI-2-overexpressing Cells (Fig. 6). We also examined levels of 
two other lAPs, c-IAPl and C-LAP2. Both c-IAPl and C-IAP2 
have been shown to directly inhibit caspases (40). As shown in 
Fig. 7, c-IAPl protein levels are reduced over the time course 
following reovirus infection, while c-IAPl levels remain un- 
changed in both mock-infected and reovirus-infected cells 
overeXpressing Scl-2. The reduction Of C-lAPI protein levels 
appears to begin at ~16 h postinfection (Fig. 1), which corre- 
lates well with the second phase of Smac/DiABLO release 
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froiil the mitoichoridria (Fig. lA). c-iAP2 levels remain rela- 
tively Unehaiiged ifi both Hitc5ck-infected aiid reoivirus-irifecfed 
cells (Fig. 8)i indicating that d-iAP2 doSS iiot play a tola in 
rebvirus-iiiduGcd apoptosis. These results indicate that reovi- 
rtis infesetibfl is associated With selective fediicitioii in cellular 
levels of specific lAPs. 

DISCUSStON 

Several viruses have beeii foUiid to iiidace apofitosis iii ih- 
feeted cells (40). Apoptosis also plays an impbrtant role in 
virUs-iilduced tissue iiijuiy in vivo. Htiwever, the exadt cellular 
pathways involved in virus^ihduced apoptosis are still inebiii- 
pletely uriderstood. To this end a iiuitiber of studies have been 
uhdertaketi to elucidate the apbptotic pathways iildnced by 
viral infeetioTi both in vivb arid in vitrb. 

Several studies have deinottstrated that infectioii by a di- 
verse gfotip of viruses liiay induce apoptosis, at Idast in part, 
through a death-receptor-deperident mechanisih. These in- 
clude HIV (31, 59), nieasles Virus (44, ^6), influenza: A virus 
(32), Siridbis viniS (24), and hepatitis C virus (62) irifections. 
The mitbchbiidribri-deperident apbptotic pathway has also 
been shoWn tb play a central role iri virus-ilidUced apoptosis. A 
liuriiber of Vitvses have been foUiid to Cause relocaiizatioii of 
proaipoptbtiC mitochbndrial prbteiris through both direct arid 
indirect iriteractibris. Among these are HIV (13,16,17), influ- 
eriza A virus (4), HSV-1 (61), HSV-8 (45), hepatitis B virUs 

(52), and West Nile virus (35); These data suggest that de- 
pending ori the specific viruses arid cells studied, bbth death 
receptor and riiitbchbridrial pathways can cbritribute tb virus- 
induced apoptosis. 

There is Cbflsiderable crbss talk befWeeri death-receptor arid 
iriitbcHbridrial apbptotic pathways. For exaritiple^ ddath-reCep- 
tbf-deperiderit activation of caspase-S leads tb cldavage bf Bid, 
reSultirig iri the ffelease bf mitbchbndrial pf bapoptof ic prbteiriS, 
iriciudirig cyfbchfbirie c arid Siriac/DtAfiLO, into the cytb- 
plasiri: Indeed, it ha:s been Suggested that cells caft be gtbriped 
baSed upofl the degree bf riiitbchbridrial iriVblvdriietif iri death- 
receptor-niediated apoptosis (42, 43). The cytochrbflie c-de- 
periderit actiVatibri of caspaSe-9 haS beeri thbUght tb be of 
central inipbi^ance iri this pfbcess. HbWeVer, seVerail recent 
reports suggest that Smac/lDIABLO release f-athef than 
caspase-^9 aptiVatibn inay be the cHtical riiitbchoridrial event in 
bbth TRAIL-induced (7,60) Arid FasL-iridUced apbptoSis (4S). 

ReoyirUs-induced apoptosis requires engagefnerit bf cellular 
receptors, iriCluding junction adhesiori riiolecule and sialic acid 
residues (3), arid has been shown tb invblve the i)R4/D^5/ 
TRAIL death receptor apoptbtiC pathway (5). We have shown 
receritiy that, in reoVirUs-irifeieted HEK cells, although apbpto- 
Sis is initiated by death receptor aetivatibri, its fUU expressibn 
requires the participatibfi of riiitbchbridrial apoptotic pathways 
(21). We have also previbuSly shbwri that rebvirtis infectiofl is 
associated With iriitochondrial release bf cytochrome e and 
subsequent activation bf caSpaSe-9 (21). Additionally, we derii- 
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ft-onl the mitdchoridria (Fig. lA). c^IAP2 levdS remain rela- 
tively tliichanged iii both niock-iiifected aiid reovirus-irifeGted 
cells (Fig. 8% indicatiiig that c;-tAP2 doeS iidt play a f-ole in 
rebvirus-hiduced apoptosis. These fesiilts indicate that reovi- 
rtis iflfedtioli is associated AVith selective tediietioii in celltilar 
levels Of specific lAPs. 

DISCUSSION 

Several viruses have been found to iiiduce apojJtOsis in iii- 
feeted cells (40). ApoptoSis also plays an iflipbfiarit rble in 
Viftis-iiiduced tissiie injury in vivo. However, the exact cellular 
pathways involved in virus-iiidiieed apioptdsis are still iiJeOiii- 
pletefy tiriderstood. To this eiid a Huniber of studies have been 
uridertakeii to elucidate the apoptotic pathways induced by 
viral iiifeetioh both in viv6 arid in vitfO. 

Several studies have denioristfated that irifeetiori by a di- 
verse gfbtip of viruses riiay indxice apOptosis, at least in part, 
through a death-receptor-deperident mechanisni. These in- 
clude HIV (31, 59), measles virus (44, 56), influenza A virus 
(32), Siridbis virus (24), and hepatitis G vfatis (62) irifectioris. 
The mitOchbridribil-deperiderit apoptotic pathway has also 
been showh to play a central role iri virus-itiduced apbptosis. A 
number of Viruses have been found to cause relocalizatiofl of 
proapoptotie mitochbndrial proteins through both direct Md 
indirect interactions. Ariiorig these are HIV (13,16,17), influ- 
eriza A virus (4), HSV-1 (61), HSV-8 (45), hepatitis B virUs 

(52), and West Nile Virus (35). Hiese data suggest that de- 
pending ori the specific viruses arid cells stiidied, both death 
receptor and riiitOchoridfial pathways can eoritribute to virus- 
iridUced apoptOsis. 

There is corisiderable crbsS talk betweeri death-receptor arid 
riiitochOridrial apoptotic pathways. For exariiplc; death-recep- 
toir-deperident activatiori of caspase-S leads tO cieavSgg of Bid, 
resulting iri the release of mitbchondrial ptOapoptOtic prbteiris, 
iricludirig cytbchfbirie c arid Sriiac/DtABiLG), irito the cyto- 
plasrii. Indeed, it has beeri suggested that cells cari be gfbUfied 
baSed upori the degree of riiitochoridrlal irivblveriierit iri death- 
receptor-fliediated apoptbSiS (42, 43). The cytbchrbflie c-de- 
perident activatibri of easpaSe-9 has beeri thbught to be bf 
central impbrtarice iri this pfbce'ss. ilbWeVer, several recerit 
reports suggest that Smac/filABLO felease f-ather thalrt 
caspase^9 activatibri riiay be the Critical riiitbchoridrial eVerit in 
bbth iFRAlL-induced (7,60) arid FasL-iridUced Spbptbsis (48). 

Rebvirus-iridUced apOptosis requires erigageftierit of eellulai: 
receptors, including junctiori adhesiori ftiolecule arid sialic acid 
residues (3), arid has beeri shown to involve the DR4/DR5/ 
TRAIL death receptor apOjJtbtic pathway (5). We have shbwri 
feceritly that, in feovifUs-irifeCted MEK ceils; althbUgh apbpto- 
sis is iriitiated by death receptbr activatibri, its fiill expressibri . 
requires the participatiori of riiitOchbridrial apoptotic pathways 
(21). We have also previbusly shown that rebvirUs irifectibri is 
a;ssociafed With riiifochoridrial release bf cytOChrome e arid 
subsequent aCtiVatiori bf Caspase-9 (21). Additiorially, wC dCrii- 
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FIG. 6. Cellular levels of survivin are reduced following reovirus infection. Western blot analysis was performed using HEK 293 lysates 
harvested at the indicated time points from mock-infected, reovkus-mfected, and Bcl-2-overexpressing reovirus-infected cells and probed with 
antisurvivin antibodies and antiactin to demonstrate equal protein loading. Control lanes represent Jurkat cell lysates untreated (-) or treated (-I-) 
with activating anti-Fas antibody and harvested at 8 h posttreatment. The Western blot is representative of two separate experunents. h.p.i., hours 
postinfection. 

onstrated that the activation of caspase-8 and caspase-3 and 
the cleavage of Bid occur in a biphasic manner (21). We have 
postulated that the early phase of caspase activation and Bid 
truncation are necessary to activate the mitochondria! apopto- 

tic pathway, which leads to the second, more intense phase of 
caspase activation and apoptosis (21). We now show that in 
addition to cytochrome c, Smac/DIABLO is also released from 
mitochondria of infected cells and that the release of Smac/ 
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antibodies and antiactin to demonstrate equal protein loading. Control lanes represent Jurkat cell lysates untreated (-) or treated (-I-) with 
activating anti-Fas antibody and harvested at 8 h posttreatment. The Western blot is representative of two separate experiments, h.p.i., hours 
postinfection. 
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FIG. 8. Cellular C-IAP2 protein levels are unaffected following reovirus infection. Western blot analysis was performed using HEK 293 lysates 
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anti-c-IAP2 antibodies and antiactin to demonstrate equal protein loading. Control lanes represent Jurkat cell lysates untreated (^) or treated (+) 
with activating anti-Fas antibody and harvested at 8 h posttreatment. The Western blot is representative Of two separate experiments, h.p.i., hours 
postinfection. 

DIABLO occurs in a biphasic manner. Another mitochondrial 
protein, AIF, remains sequestered, indicating that teovirus- 
induced release of mitochondrial proapoptotic proteins is a 
selective process and is not indiscriminately associated with the 
release of all mitochondrial proapoptotic factors. This selective 
release is consistent with previous results (46) and our present 
studies indicating that reovirus infection does not alter mito- 
chondrial A'*'^ in infected cells and that mitochondrial ultra- 
structure is not significantly disrupted in the early stages of 
reovirus infection (K. L. "Tyler, unpublished data). 

We had previously demonstrated that ovCrexpression of 
Bcl-2 was capable of preventing effector Caspase activation 
following reovirus infection, indicating that mitochondrial ap- 
optotic pathways were involved ul reovirus-induced apoptosis 
in many cell types (21, 38). Having shown that reovirus infec- 
tion induces the release of both Smac/DIABLO and cyto- 
chrome c, we next wanted to determine if we Could elucidate 
the relative contribution of these proteins to reovirus-induced 
apoptosis. We utilized a dominant-negative caspase-9 con- 
struct (caspase-9b) to specifically inhibit endogenous caspase-9 
activation following reovirus infection. We found that inhibi- 
tion of caspase-9 activation did not significantly alter activation 
of the effector caspase, caspase-3. These data indicate that 
(ytochrome c release and subsequent caspase-9 activation were 
not the critical mitochondrial event in reovirus-induced apo- 
ptosis. 

Having shown that Smac/DlABLO was also released from 
mitochondria in reovirus-infected cells, we wished to deter- 
mine whether this was associated with alterations of lAPs 
knovm to interact with Smac/DIABLO. We therefore exam- 
ined the cellular levels of several lAP proteins following reo- 
virus infection. We find that XlAP is cleaved following reovirus 

infection, beginning at ~12 h postinfection. This cleavage is 
blocked in Bcl-2-overexpressing cells. Additioiially, we show 
that survivin and c-IAPl protein levels are reduced following 
reovirus infection, with the reduction first being appreciable at 
—12 h postinfection. Both of these events are inhibited in 
BcI-2-overexpressing cells, indicating that they require activa- 
tion of mitochondrial apoptotic pathways. Cellular levels of 
C-IAP2 were unaffected following reovirus infection, indicating 
that the effects of reovirus infection on lAPs are selective. 

In this work we provide further evidence for the importance 
of the mitochondrial apoptotic pathway, and specifically for the 
release of Smac/DIABLO, in reovirus-induced apoptosis. Ad- 
ditionally, we elucidate the intracellular mechanisms of this 
process by showing that removal or down-regulation of certain 
lAi* proteins appears to be an important part of Cell death. 
Unfortunately, specific inhibitors of Smac/DIABLO release or 
function are not currently available, and therefore the neces- 
sity of Smac/DIABLO release Cannot be directly assessed at 
this time. However, we believe that our data strongly implicate 
the release of Smac/DIABLO as the required mitochondrial 
event for reoVirus-induCed apoptosis. A possible model fOr the 
events involved in reovirus-induced apoptosis is shown in Fig. 
9. Following casf)ase-8 activation, the proapoptotic protein Bid 
is cleaved. Truncated Bid either directly or indirectly induces 
the release of the mitochondrial proteins cytochrome c and 
Smac/DIABLO. Q'tosolic cytochrome c induces the activation 
of caspase-9, and Smac/DiABLO interferes with the ability of 
XlAP, survivin, and c-IAPl to prevent caspase activation. 
While caspase-9 may play a role in amplifying effector caspase 
activation, this appears to be unnecessary for reovirus-induced 
apoptosis. These studies provide the first direct evidence for 
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caspase-9b 

APOPTOSIS 

FIG. 9. Model of cellular pathways involved in reovirus-induced apoptosis in HEK cells. Reovinis infection leads to the activation of caspase-8 
and cleavage of the proapoptotic molecule Bid. These events promote the release of Smac/DIABLO and cytochrome c from the mitochondria of 
infected cells. The release of these proteins can be prevented by the overexpression of Bcl-2. Cytosolic Smac/DIABLO inhibits the antiapoptotic 
effect exerted by XIAP, survivin, and c-IAPl, leading to the sustained activation of both initiator caspases and the effector caspase, caspase-3. While 
caspase-9 is acthrated and undoubtedly participates in reovirus-induced apoptosis, its activation appears to be dispensable for this process. 

the association of Smac/DIABLO with vinis-induced apopto- 

sis. 
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Abstract 
Apoptosis plays an important role in tlie pathogenesis of many 
viral infections. Despite this fact, the apoptotic pathways 
triggered during viral infections are incompletely understood. 
We now provide the first detailed characterization of the 
pattern of caspase activation following infection with a 
cytoplasmlcally replicating RNA virus. Reovirus infection of 
HEK293cells results inthe activation of caspase-8 followed by 
cleavage of the pro-apoptotic protein Bid. This initiates the 
activation of the mitochondrial apoptotic pathway leading to 
release of cytochrome c and activation of caspase-9. 
Combined activation of death receptor and mitochondrial 
pathways results in downstream activation of effector 
caspases including caspase-3 and caspase-7 and cleavage 
of cellular substrates including PARP. Apoptosis is initiated 
by death receptor pathways but requires mitochondrial 
amplification producing a biphasic pattern of caspase-8, 
Bid, and caspase-3 activation. 
Cell Death and Differentiation (2002) 9, 926-933. doi:10.1038/ 
sj.cdd.4401045 
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chondria 
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Introduction 
Apoptosis is a particular type of cell death that is character- 
ized by distinctive changes in cellular morphology, including 
cell shrinkage, zeiosis, nuclear condensation, chromatin 
margination and subsequent degradation that are associated 
with inter-nucleosomal DNA fragmentation. Apoptosis may be 
initiated by a wide variety of cellular insults, including death 
receptor stimulation, y-radiation, and cytotoxic compounds. 
Induction or inhibition of apoptosis is an important feature of 
many types of viral infection, both In vitro and in vivo. Despite 
this fact, the mechanisms of virus-induced apoptosis remain 
largely unknown. This is particularly true for RNA viruses, the 
majority of which have cytoplasmic intracellular sites of 
replication and do not require nuclear integrity for successful 
propogation. 

Mammalian reoviruses are non-enveloped double- 
stranded RNA viruses whose replication occurs exclusively 
in the cytoplasm. Reoviruses induce apoptosis in a wide 
variety of cultured cells in vitro.^ "^ Apoptosis also plays a 
critical role during reovirus infection in vivo, and is the 
mechanism of virus-induced tissue injury in key target 
organs, including the central nervous system and heart.^-^'^ 
Inhibition of apoptosis dramatically reduces the extent of 
reovirus-induced tissue injury in vlvo.^ 

It has been shown recently that reovirus-induced 
apoptosis requires interaction with its ceil surface receptors 
including junction adhesion molecule (JAM).® Apoptosis 
involves the tumor necrosis factor (TNF) superfamily of cell 
surface death receptors, specifically DR4, DR5 and their 
ligand, TNF-related apoptosis-inducing ligand (TRAIL),^ 
and is inhibited by anti-TRAIL antibodies or soluble forms 
of DR4 or DR5 which inhibit interaction of TRAIL with 
functional cell surface DR4 and DR5.^ The contribution of 
mitochondrial apoptotic pathways to this process has been 
unknown, as has the exact nature of the caspase cascades 
activated and their inter-relationship. 

Apoptosis induced by activation of cell surface death 
receptors ('extrinsic pathway') involves the formation of a 
death-induced signaling complex (DISC) that recruits and 
activates caspase-8.^ Activated caspase-8 can, in turn, 
activate downstream effector caspases including caspases- 
3 and -7. Mitochondria play a central role in an 'intrinsic' 
pathway of apoptosis. In this pathway, apoptotic stimuli 
enhance mitochondrial membrane permeability and permit 
the translocation of cytochrome c and other pro-apoptotic 
molecules from the mitochondria into the cytosol.^"^^ A 
cytosolic complex including cytochrome e and Apaf-1 
(apoptosome) activates caspase-9.^ ^ Activated cas'{)ase-9, 
like activated caspase-8, can activate additional down- 
stream effector caspases including caspase-3. The intrinsic 
and extrinsic pathways are linked by Bid, a pro-apoptotic 
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Bcl-2 family member. Caspase-8-dependent cleavage of 
Bid allows this protein to translocate to the mitochondrion, 
where it directly or indirectly facilitates cytochrome c 
release.''"'"''^ The importance of the mitochondrial apoptotic 
pathway in augmenting death-receptor initiated apoptosis 
can be assessed by studying the pattern of caspase 
activation and the effects of Bcl-2 expression. Death 
receptor-initiated, mitochondrial-dependent apoptosis is 
generally associated with early low level activation of 
caspase-8 and is inhibitable by Bcl-2.^^'^° Conversely, 
mitochondrial-independent, death receptor-initiated apopto- 
sis is associated with more robust caspase-8 activation and 
is not inhibited by Bcl-2 expression.^^'^" 

In this paper we provide the first comprehensive 
characterization of the pattern of caspase activation 
following infection with a cytoplasmically replicating RNA 
virus. We show that reovirus infection results in the 
activation of death receptor- and mitochondrial-associated 
Initiator caspases, caspase-8 and caspase-9. Activation of 
these initiator caspases is followed by activation of the 
effector caspases caspase-3 and caspase-7. Caspase-8- 
dependent cleavage of the Bid provides a linkage between 
the death receptor and mitochondrial pathways of apoptosis 
following reovirus infection. Inhibition of caspase-8 activa- 
tion prevents the cleavage of Bid, and the subsequent 
activation of the mitochondrial pathway. Both the mitochon- 
drial and death receptor-initiated pathways are essential for 
reovirus-induced apoptosis as inhibition of death receptor 
pathways by over-expression of dominant negative FADD 
(FADD-DN) or of mitochondrial pathways by over-expres- 
sion of Bcl-2 prevents reovirus-induced effector caspase 
activation. Consistent with this model, cell permeable 
inhibitors of both group II caspases (caspase-2, -3, and - 
7) and group III caspases (caspase-6, -8, and -9) but not of 
group I caspases (caspase-1, -4, and -5) inhibit reovirus- 
induced caspase-3 activation. These studies provide not 
only a comprehensive profile of caspase activation 
following virus infection, but also the first demonstration 
that both death receptor and mitochondrial pathways can 
play an essential role in virus-induced apoptosis. 

Results 
Caspase-8 is activated foiiowing reovirus infection 

Apoptosis initiated via TNF receptor superfamily cell death 
receptors involves the adaptor molecule FADD and subse- 
quent activation of caspases, starting with the initiator 
caspase, caspase-8.^^ We therefore wanted to examine 
whether reovirus infection induced the activation of caspase- 
8. As shown in Figure 1a, reovirus infection induces the 
activation of caspase-8 as evidenced by the disappearance of 
the full-length proenzyme (seen as a 55/54 kD doublet). The 
reduction in caspase-8 immunoreactivity appeared to be bi- 
phasic. A first phase of activation was detectable as eariy as 
8 h post-infection. A second, more intense phase of activation 
began at 22 h post-infection and continued through ^34 h 
(Figure 1a,b). No cellular morphological changes were 
observed correlating with the early phase of caspase-8 
activation. 
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45 kD- 
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1 
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iiiiiiiiliii^'' '   '^'~ 

~i  ~i  "I      I      I      I      Ir 

0   6   8 10 12 14 16 18 20 22 24 26 28 30 32 34 
Hours post infection 

Figure 1 Reovirus infection induces tiie activation of caspase-8. HEK 293 
lysafes were prepared at tlie indicated times points from mocl<-infected or 
reovirus-infected cells and probed witli anti-caspase-8 antibodies and antl- 
actin antibodies (a). Control lanes represent Jurkat cell lysates untreated (-) 
or treated (+) with activating anti-Fas antibody and harvested at 8h post 
treatment. The Western is representative of two separate experiments. The 
graph displays densitometric analysis of the virus-Infected Western blot 
analysis (b). Values are expressed as arbitrary densitometric units 

Reovirus infection is associated with release of 
mitochondrial cytochrome c and activation of 
caspase-9 

Reovirus-induced activation of caspase-8 revealed a biphasic 
pattern. This suggested that apoptosis signals initiated 
through the death receptor pathway might be amplified by 
other apoptotic pathways. We therefore looked for evidence 
that reovirus infection activated mitochondrial-associated 
apoptotic signaling pathways. We first wished to determine 
whether reovirus infection was associated with release of 
cytochrome c and activation of caspase-9. Mitochondria-free 
lysates were prepared from both mock- and reovirus-infected 
cells at the indicated time points and analyzed by Western blot 
for the presence of cytosolic cytochrome c (Figure 2). Blots 
were probed with antisera directed against the mitochondrial 
integral membrane protein cytochrome coxidase (subunit II) 
to detect potential mitochondrial contamination of the 
samples. Cytosolic cytochrome c is detected in reovirus- 
infected cells at ~10 h post-infection (Figure 2a). In order to 
determine whether cytochrome c release was dependent on 
death receptor-initiated signaling, we also examined the 
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cellular localization of mitochondrial cytochrome c following 
reovirus infection in FADD-DN expressing cells. As shown in 
Figure 2b, cytochrome c is found at only trace levels in the 
cytoplasm of reovirus-infected FADD-DN expressing cells. 
These results indicate that caspase-8 activation occurs 
upstream of, and is required for, the release of cytochrome 
c. We next wished to detennine whether caspase-9 was 
activated. Activation of caspase-9 involves the cleavage of 
the 46 kD pro-enzyme into a 37 kD active fragment. Activated 
caspase-9 was first detectable in reovirus-infected cells at 
10 h post-infection (Figure 3), and was not detected in mock- 
infected cells. Activation increased steadily from 10 to 18 h 
and then persisted for >32 h. 
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mock T3A 
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10 
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Figure 2 Cytochrome c Is present In the cytosol of reovirus Infected cells. 
HEK 293 cell lysates (a) and FADD-DN expressing HEK 293 cells lysates (b) 
were prepared at the indicated time points as described (see Materials and 
Methods) and resolved using SDS-PAGE. Western blot analysis was 
performed using anti-cytochrome c antibodies and antl-cytochrome c oxidase 
(subunit II) and are representative of three separate experiments 
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Figure 3 Caspase-9 Is activated in reovirus-infected cells. HEK 293 cell 
lysates were prepared from mock-infected or reovirus-infected cells at the 
indicated time points and resolved by SDS-PAGE. Western blot analysis was 
performed using anti-caspase-9 antibodies and the blot is representative of 
three separate experiments 

Bid is cieaved foliowing reovirus infection 

Bid is a pro-apoptotic member of the Bcl-2 protein family. 
Activation of both Fas receptor by Fas and DR4/DR5 by 
TRAIL can induce caspase-8 dependent cleavage of 
gjjj 15,17.18 Cleaved Bid can facilitate the release of 
cytochrome cfrom the mitochondrion and lead to subsequent 
apoptosome-mediated activation of caspase-9.^® We wished 
to determine whether Bid was cleaved following reovirus 
infection, and if this cleavage depended on caspase-8 
activation. Western blot analysis revealed that full-length Bid 
levels remain relatively unchanged in mock-infected cells 
(Figure 4a). However, following reovirus infection there was a 
biphasic pattern of Bid cleavage, analogous to that seen with 
caspase-8 (Figure 4a). Loss of the full length immunoreactive 
Bid was first detected as early as 10 h post-infection. A 
second phase of Bid cleavage began at 26 h post-infection 
and continued through >40 h (Figure 4a,b). In order to 
detennine whether Bid cleavage was dependent on caspase- 
8 activation, we examined levels of immunoreactive Bid in 
cells in which caspase-8 activation was blocked by stable 
expression of DN-FADD. FADD-DN expression completely 
inhibited reovims-induced Bid cleavage, indicating that Bid 
cleavage is caspase-8 dependent (Figure 4c). 

Reovirus infection is associated with activation of 
caspase-3 and caspase-7 
Effector caspases, including caspases-3, -6 and -7, form part 
of the final common pathway for death receptor and 
mitochondrial apoptotic pathways. Having shown that reovirus 
infection resulted in activation of both death receptor and 
mitochondrion-associated initiator caspases we next wished 
to determine which effector caspases were activated. 
Caspase-3 activation was evaluated by Western blot, using 
an antibody specific for the activated form of the enzyme. 
Activation of caspase-3 is associated with the appearance of 
specific cleavage product at ~20 kD representing the large 
subunit of active caspase-3. As shown in Figure 5a, this 
fragment appears beginning at ~8 h post-infection in reovirus 
infected cells, but not in the mock infected controls. There is a 
biphasic activation profile, with the initial activation phase 
beginning at 8 h post-infection and a second, more intense 
activation phase beginning at 24 h post-infection (Figure 5a). 
A similar pattem of caspase activation was seen in fluorogenic 
substrate assays using a caspase-3 specific substrate 
(DEVD-AFC) (see Figure 6c). An initial phase of activation at 
6-12 h was followed by a rapid activation peak 12-18 h. 
Activated caspase-3 cleaves a variety of cellular substrates to 
induce the morphological hallmarics of apoptosis. We there- 
fore examined the cleavage of PARR. PARR is cleaved by 
caspase-3 from the full-length 116 kD protein to an 85 kD 
inactive fragment. As shown in Figure 5b, PARP cleavage 
exceeding that seen in mock-infected cells was first detectable 
at 14 h post-infection and persisted until >20 h post-infection. 
These experiments established that reovirus infection results 
in activation of the effector caspase, caspase-3 and is 
associated with cleavage of cellular substrates of caspase-3. 

Other effector caspases may also be activated down- 
stream of caspase-8 and  caspase-9. Therefore,  we 
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Figure 4 Reovirus infection leads to cleavage of full-lengtli Bid. Lysates were 
prepared at the Indicated time points from mock-Infected or reovirus-infected 
HEK 293 cells (a) and reovirus Infected FADD-DN expressing HEK 293 cells 
(c) and probed with anti-Bid antibodies and antl-actin antibodies. Each 
Western blot Is representative of two separate experiments. The graph 
displays densitometric analysis of the virus-infected Western blot analysis (b). 
Values are expressed as arbitrary densitometric units 

examined the activation state of two otiier effector 
caspases, caspase-6 and caspase-7. We found no 
evidence by immunoblot of caspase-6 activation in 
reovirus-infected cells (data not shown). Caspase-7 is 
activated in infected cells as evidenced by the detection 
of the 20 l<D large subunit of active caspase-7 (Figure 5C). 
However, caspase-7 activation appears to occur later than 
activation of caspase-3, and the amount of activation 
appears less. 

control 

20kD- ( 

0   4  8   12 16   20 24 28 32   36 40 44   hours post infection 

.♦„ li<i».»-*i^'—'■•'   -activecaspase-7 

Figure 5 Reovirus infection leads to activation of caspase-3. Western blot 
analysis was performed using HEK 293 lysates harvested at the Indicated time 
points from mock-infected and reovirus-infected cells and probed with antl- 
caspase-3 antibodies (a), anti-PARP antibodies (b), or antl-caspase-7 
antibodies (c). Control lanes represent Jurkat cell lysates untreated (-) or 
treated (+) with activating anti-Fas antibody and harvested at 8h post 
treatment. Each Western Is representative of two separate experiments 

In order to determine whether activation of effector 
caspases was completely dependent on the initial activa- 
tion of death-receptor mediated pathways, we examined 
effector caspase activation in cells stably expressing DN- 
FADD. As shown in Figure 6a, the activation of both 
caspase-3 and caspase-7 is blocked in cells stably 
expressing DN-FADD. Gaspase-3 activity, as measured in 
a fluorogenic substrate assay, is almost completely 
inhibited in these cells (Figure 6c). This suggests that 
activation of death-receptor initiated apoptotic signaling 
pathways is required for reovirus-induced effector caspase 
activation and apoptosis. 
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Figure 6 Effector caspase activation in inhibited in FADD-DN and Bcl-2 over- 
expressing cells. Western blot analysis was performed using cell lysates 
prepared from reovlrus-lnfected FADD-DN over-expressing cells (a) or Bcl-2 
overexpressing cells (b) at the Indicated time points and probed with antl- 
caspase-3 antibodies and anti-caspase-7 antibodies. Control lanes represent 
Jurkat cell lysates untreated {-) or treated (+) with activating anti-Fas 
antibody and harvested at 8 h post treatment. Western blots are representative 
of two separate experiments. Fluorogenic substrate assays (c) were 
performed in triplicate. Error bars represent standard error of the mean. 
Fluorescence Is expressed as arbitrary units 

Bcl-2 overexpression inhibits effector caspase 
activation following reovirus infection 

Experiments with FADD-DN indicated tliat deatii-receptor 
pathways were necessaiy for reovirus-induced apoptosis. 
Activation of both caspase-8 and Bid showed a biphasic 
pattern with an early activation phase at 8-10 h followed by a 
later activation phase. Reovirus-induced initiation of mito- 
chondrial apoptotic pathways occurred downstream of 
caspase-8 activation, began slightly later following infection, 
and was not biphasic. This suggested that mitochondrial 
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apoptotic pathways might play a central role in amplifying 
death receptor-initiated signaling. The capacity of Bcl-2 to 
inhibit apoptosis has been used as evidence suggesting an 
essential role for mitochondrial apoptotic pathways.''^'^" We 
wished to determine whether Bcl-2 over-expression in HEK 
cells inhibited caspase activation. Caspase activation was 
examined using both Western blot analysis and fluorogenic 
substrate assays. As shown in Figure 6b, activation of both 
caspase-3 and caspase-7 is inhibited in cells over-expressing 
Bcl-2. The late phase of caspase-8 activation was also 
inhibited in these cells although the low level eariy phase of 
caspase-8 activation was preserved (data not shown). 
Caspase-3 activity, as measured in a fluorogenic substrate 
assay, is also significantly reduced in these cells (Figure 6c). 
However, the pattern of inhibition differs from that seen in cells 
stably expressing DN-FADD. In Bcl-2 expressing cells there is 
some residual caspase-3 activation suggesting that death 
receptor-mediated apoptotic pathways can induce low levels 
of effector caspase activation, but full induction requires 
augmentation by mitochondrial apoptotic pathways. This low 
level of caspase-3 activation in Bcl-2 overexpressing cells 
was not reflected in cellular morphology. 

Effects of synthetic caspase peptide inhibitors on 
caspase-3 activation 

Caspases can be categorized into three major groups based 
on their pattern of substrate specificity.^^'^^ Group I includes 
caspase-1, -4, and 5; group II includes caspase-2, -3, and 7; 
group III includes caspase-6, -8 and -9. Cell permeable, 
reversible, peptide caspase inhibitors have been developed 
based on these caspase substrate profiles.^^'^^ We tested the 
capacity of three reversible cell peririeable caspase inhibitors 
with specificity for group I (Ac-YVAD-CHO), group II (Ac- 
DEVD-CHO), and group III (Ac-IETD-CHO) caspases to 
inhibit reovirus-induced caspase-3 activation at 18 h post- 
infection. As shown in Figure 7, the group II inhibitor Ac- 
DEVD-CHO completely inhibited reovirus-induced caspase-3 
activity at a concentration of 10 nM. The group I inhibitor (Ac- 
YVAD-CHO) had no effect on caspase-3 activation, consis- 
tent with a lack of involvement of caspases-1, -4 or -5 in 
reovirus-induced apoptosis. The group III inhibitor Ac-IETD- 
CHO achieved maximal inhibition of reovirus-induced cas- 
pase-3 activation at a concentration of 5 fiM. However, the 
maximum degree of inhibition (65%) was not as high as that 
seen with the group II inhibitor. These data suggest that while 
the activation of group III caspases, including caspase-8 and - 
9, is critically important to reovirus-induced apoptosis that 
other as yet unidentified caspases may also contribute to 
caspase-3 activation. However, the fact that expression of 
DN-FADD was as effective as treatment with the group II 
inhibitor Ac-DEVD-CHO in blocking caspase-3 activation, 
suggests that the apical caspases that contribute to caspase- 
3 activation all depend on an initial death-receptor initiated 
caspase activation signal. 

Discussion 
Understanding the mechanisms of virus-induced apoptosis is 
crucial to understanding how viruses injure target tissues and 
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Figure 7 Synthetic peptide inhibition of DEVD-specific caspase activation. 
MEK 293 cells were pretreated with the synthetic peptide inhibitors at the 
concentrations shown for 1h prior to reovirus infection (M.O.I. 100). 
Fluorogenic substrate assays were performed at 18h post infection. Values 
are expressed as per cent inhibition where untreated reovirus-infected cells 
represent 0% Inhibition and mock-infected cells represent 100% inhibition 

induce disease. Tine exact pathways leading to vims-induced 
apoptosis are still incompletely understood. Since caspases 
play a central role in virtually all known apoptotic signaling 
pathways, it is not surprising that they have been implicated in 
vims-induced apoptosis. Pancaspase peptide inhibitors have 
been shown to inhibit apoptosis induced by vimses as diverse 
as Sindbis,^'*'^^ HIV-1,^®'^'' Herpes simplex virus type 1,^^ 
influenza,^^ Sendai,^ and TGEV.^^ 

The events that initiate caspase activation in virus- 
infected cells are still incompletely understood. Activation of 
caspase-8 plays an important role in apoptosis induced by 
mv-1,^^ influenza,^® Sendai,^° and Sindbis,^* suggesting 
that death-receptor initiated processes may be important in 
apoptosis induced by these viruses. 

Many fonns of vims-induced apoptosis are inhibited by 
anti-apoptotic members of the Bcl-2 family.^^"^ One of the 
most thoroughly investigated mechanisms for the anti- 
apoptotic actions of Bcl-2 involves its inhibition of the 
release of cytochrome c from mitochondria.^^'^'^ Abnomial- 
ities of mitochondrial transmembrane potential and release 
of cytochrome c have been described following infection 
with HIV,^ TGEV,^^ chicken anemia vims,^^ and herpes 
simplex virus.^° These studies suggest that both mitochon- 
drial and death-receptor mediated pathways may play an 
Important role in virus-induced apoptosis. 

Reovirus-induced apoptosis involves the DR4/DR5/ 
TRAIL system of cell surface death receptors.' In this 
study we found that caspase-8 was activated within 8 h of 
reovirus infection. The activation of caspase-8 occurs in 
two distinct phases, consistent with a model in which initial 
death-receptor mediated activation of caspase-8 is subse- 
quently augmented by activation of caspase-9 or other 
caspases (discussed below). Following activation, caspase- 
8 cleaves Bid, a pTo'-apoptotic Bcl-2 family protein. Cleaved 
Bid provides an essential link between reovirus-induced 
death-receptor mediated caspase-8 activation and activa- 

tion of mitochondrial pathways, inhibition of caspase-8 
activation by over-expression of DN-FADD prevented Bid 
cleavage, suggesting that reovirus infection also activated 
the mitochondrial apoptotic pathway. Cytochrome c was 
found to be present in the cytoplasm of infected cells at 
~ 10 h post infection. Additionally, cytochrome c release 
was blocked in FADD-DN expressing cells suggesting that 
this event requires caspase-8. We also found that caspase- 
9 is activated at ~12 h post infection. 

Having shown that reovirus infection was associated 
with activation of both death-receptor and mitochondrial- 
associated initiator caspases, we next wished to determine 
which effector caspases were subsequently activated. Here 
we show that the effector caspase, caspase-3 is activated 
beginning at ~8 h post infection and peaking at ~18 h 
post infection. Additionally, caspase-7 was activated in 
reovirus-infected cells, although this event occurs later than 
caspase-3 activation. Another effector caspase, caspase-6, 
was not activated in reovirus-infected cells. 

There is evidence that although mitochondrial cyto- 
chrome c release and caspase-9 activation occur down- 
stream of death receptor stimulation, that these events are 
not necessarily required for all forms of death-receptor 
initiated apoptosis.^^'^" Therefore we examined the effects 
of Bci-2 overexpression on effector caspase activation 
following reovirus infection. Bcl-2 overexpression inhibits 
the activation of both caspase-3 and caspase-7, as well as 
the second phase of caspase-8 activation. This data is 
consistent with earlier studies suggesting that reovirus- 
induced apoptosis could be inhibited in MDCK ceils over- 
expressing Bcl-2.^ This provides conclusive evidence of the 
importance of the mitochondrial apoptotic pathway in 
reovirus-induced cell death. 

Caspases can be broadly grouped into three categories 
based on their pattern of substrate specificity.^^'^^ A group 
II caspase inhibitor completely blocked reovirus-induced 
caspase-3 activity at low concentrations. This result is 
consistent with the known activation of caspases-3 and -7 
in reovirus infection. A group I caspase inhibitor had no 
effect, even at high concentrations. This suggested that 
caspases-1, -4 and -5 do not play a significant role in 
reovirus-induced apoptosis. A group III caspase inhibitor 
significantly reduced caspase-3 activity, but its effect was 
only partial when compared to the group 11 inhibitor. This 
result was consistent with our observation that caspase-8 
and -9 were involved in reovirus-induced caspase-3 
activation. The lack of complete inhibition of caspase-3 
activation by the group IN inhibitor suggests that additional, 
as yet unidentified, caspases may also contribute to 
reovirus-induced caspase-3 activation. However, the com- 
plete inhibition of caspase-3 activation seen in cells 
expressing DN-FADD suggests that death receptor activa- 
tion is the key initiating event in all reovirus-induced 
caspase activation cascades that ultimately contribute to 
effector caspase activation. 

Our data provides the first comprehensive model of the 
events leading to apoptosis when cells are infected with a 
non-enveloped RNA virus whose replication cycle occurs 
entirely within the cytoplasm (Figure 8). Apoptosis is 
initiated through cell surface death receptors leading to 
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Figure 8 Schematic representation of reovirus-induced apoptosis pathv^rays. 
Reovirus Infection promotes release of cell-associated TRAIL and DR4/DR5- 
dependent apoptosis. An early phase of caspase-8 activation leads to 
cleavage of Bid and low level activation of caspase-3 (dashed arrows). This Is 
followed by a second phase of caspase activation In which release of 
cytochrome c activates caspase-9 Inducing further caspase-8 activation (solid 
arrows). Caspase-8 and caspase-9 contribute to effector caspase activation 

the activation of caspase-8. Caspase-8 activation is 
essential for virus-induced apoptosis, and inhibition of this 
activation in cells stably expressing DN-FADD completely 
inhibits reovirus-induced effector caspase activation. Cas- 
pase-8 activation results in cleavage of Bid and activation 
of mitochondrial apoptotic pathways. Activation of caspase- 
8 in the absence of augmentation from the mitochondrial 
pathway, as occurs in cells stably expressing Bcl-2, results 
in only low levels of effector caspase activation. These 
results are consistent with the biphasic pattem of activation 
of caspase-8. Bid, and caspase-3. Early activation of 
caspase-8 and Bid induces the mitochondrial pathway 
which in turn amplifies caspase-8 and Bid activation 
allowing full expression of apoptosis. 

Materials and Methods 
Reagents 
Anti-cytochrome c (7H8.2C12) (1:1000), anti-PARP (C2-10) 
(1:2000), anti-caspase-6 (B93-4) (1:1000), anti-caspase-8 (B9-2) 
(1:2000), and anti-caspase-9 (1:1000) antibodies were purchased 
from Pharmingen (San Diego, CA, USA). Anti-caspase-3 (1:1000) and 
anti-caspase-7 (1:1000) were purchased from Cell Signaling 
Technology (Beverly, MA, USA). Anti-Bid antibodies (1:1000) were 
from Trevlgen (Gaithersburg, MD, USA). Anti-actin antibodies (JLA20) 
(1:5000) were from Calbiociiem (Darmstadt, Germany). Anti-human 
cytochrome c oxidase (subunit II) antibodies (12C4-F12) (1:1000) 
were from Molecular Probes (Eugene, OR, USA). Anti-Fas antibody 
(CH-11) was from Upstate Biotechnology (Lake Placid, NY, USA). 
Caspase synthetic peptide inhibitors used were caspase-3 Inhibitor I 
(cell permeable), caspase-8 Inhibitor I (cell permeable), and caspase- 
1 Inhibitor I (cell permeable) (Calbiochem, Darmstadt, Germany). 
ApoAlert caspase-3 fluorometric assay kit was purchased from 
Clontech (Palo Alto, CA, USA). 

Cells, virus, and DNA constructs 
HEK293 cells (ATCC CRL1573) were grown in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with lOOU/ml each of 
penicillin and streptomycin and containing 10% fetal bovine serum. 
Jurkat cells were a gift of Dr. John Cohen and were grown in RPMi 
supplemented with 100 U/ml each of penicillin and streptomycin and 
containing 10% fetal bovine serum. FADD-DN cells were a gift of Dr. 
Gary Johnson and express amino acids 80-208 of the FADD cDNA 
(with the addition of an AU1 epitope tag at the N-terminus) from the 
CMV promoter of pcDNA3 (Invitrogen, Carlsbad, CA, USA). HEK 293 
cells stably over-expressing Bcl-2 were provided by Dr. Gary Johnson. 
The cell line was constructed by cloning full-length Bcl-2 into the pLXSN 
vector and transfecting cells via retrovlral transduction. Reovirus (Type 
3 Abney, T3A) is a laboratory stock, which has been plaque purified and 
passaged (twice) in L929 cells (ATCC CCL1) to generate working 
stocks."" All experiments were performed using an M.O.I, of 100. High 
M.O.I.s were chosen to insure synchronized infection of all susceptible 
cells, and to maximize the apoptotic stimulus. 

Western blot analysis 
Reovlrus-infected cells were harvested at the indicated limes, pelleted 
by centrifugation, washed with ice-cold phosphate-buffered saline, 
and lysed by sonlcation in 150 ti\ of lysis buffer (1% NP40, 0.15 M 
NaCI, 5.0 mM EDTA, 0.01 M Tris (pH 8.0), 1.0 mM PMSF, 0.02 mg/ml 
leupeptin, 0.02 mg/ml trypsin inhibitor). Lysates were cleared by 
centrifugation (20 000 xg,2 min), mixed 1:1 with SDS sample buffer, 
boiled for 5 min, and stored at -70°C. To prepare mitochondrial-free 
extracts, cells were pelleted, washed twice in ice-cold PBS, and 
incubated on ice for 30 min in buffer containing 220 mM mannitol, 
68 mM sucrose, 50 mM PIPES-KOH (pH 7.4), 50 mM KCI, 5 mM 
EGTA, 2 mM MgClg, 1 mM DTT, and protease inhibitors (complete 
cocktail, Boehringer Mannheim, Indianapolis, IN, USA). Cells were 
lysed using 40 strokes in a Dounce homogenizer (B pestle). Lysates 
were centrifuged at 14 000 xg for 15 min at 4°C to remove debris. 
Supematants and mitochondrial pellets were prepared for electro- 
phoresis as above. Proteins were separated by SDS-PAGE 
electrophoresis and transferred to Hybond-c extra nitrocellulose 
membrane (Amersham, Buckinghamshire, UK) for immunobloting. 
Blots were then probed with the specified antibodies at the dilutions 
described above. Proteins were visualized using the ECL detection 
system (Amersham, Buckinghamshire, UK). Densltometric analysis 
was performed using a FluorS Multilmager system and Quantity One 
software (Bio-Rad, Hercules, CA, USA). 

Caspase-3 activation assays 
Caspase-3 activation assays were perfonned using a kit obtained from 
Clontech (Palo Alto, CA, USA). Experiments were performed using 
1x10® cells/time point. Cells were centrifuged at 200 x g, supernatants 
were removed, and the cell pellets were frozen at - 70°C until all the time 
points were collected. Assays were performed In 96-well plates and 
analyzed using a fluorescent plate reader (CytoFluor 4000, PerSeptive 
Biosystems, Framingham, MA, USA), Cleavage of DEVD-AFC, a 
synthetic caspase-3 substrate, was used to determine caspase-3 
activation. Cleavage after the second Asp residue produces free AFC. 
The amount of fluorescence detected is directly proportional to amount 
of caspase-3 activity. Because all of the fluorogenic substrate assay 
experiments were performed at the same time, both the mock and 
reovirus-induced caspase-3 activation profiles are the same In all of 
these experiments and are included in each figure to facilitate 
comparisons. Results of all experiments are reported as means+S.E.M. 
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Abstract 

Polymerase chain reaction (PCR) analysis of cerebrospinal fluid (CSF) has revolutionized the diagnosis of nervous 
system viral infections, particularly those caused by human herpesviruses (HHV). The PCR technique allows the 
detection of minute quantities of DNA or RNA in body fluids and tissues. Both fresh-frozen and formalin-fixed 
tissues may be utilized for PCR assays, with the latter making archival studies possible. CSF PCR has now replaced 
brain biopsy as the gold standard for the diagnosis of herpes simplex virus (HSV) encephalitis. PCR analysis of both 
CSF and nervous system tissues has also broadened our understanding of the spectrum of disease caused by HSV-1 
and -2, cytomegalovirus (CMV), Epstein-Barr virus (EBV), varicella zoster virus (VZV) and HHV-6. PCR results 
obtained from tissue specimens must be interpreted cautiously, since this highly sensitive technique may detect 
portions of viral genomic material that may be present even in the absence of active viral mfection. Tissue PCR 
results in particular must be corroborated with cHnical and neuropathologic evidence of central nervous system (CNS) 
infection. In several neurological diseases, negative PCR results have provided evidence against a role for her- 
pesviruses as the causative agents. This review summarizes the role of CSF PCR in the diagnosis and therapeutic 
management of herpesvirus infections of the nervous system, particularly those caused by HSV and VZV. © 2002 
Elsevier Science B.V. All rights reserved. 
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1. Polymerase chain reaction (PCR): background 
and technical issues 

PCR can be applied to the diagnosis of any 
disease in which nucleic acid (e.g. DNA, RNA) or 
their expression as messenger RNA (mRNA) 
plays a role. PCR techniques allow the in vitro 
synthesis of millions of copies of a specific gene 
segment of interest, allowing the rapid detection 
of as few as one to 10 copies of the target DNA 
from the original sample. The widespread 
availability of an in-house test in most hospitals, 
or ready access to a reference laboratory has led 
to the incorporation of PCR testing on cere- 
brospinal fluid (CSF) and body fluids into medical 
practice in the United States and other developed 
countries. 

In infectious diseases, PCR is ideally suited for 
identifying fastidious organisms that may be 
difficult or impossible to culture (DeBiasi and 
Tyler, 1999). The technique can be performed 
rapidly and inexpensively, with a turnaround time 
of 24 h or less rather than the standard minimum 
of 1-28 days required for viral culture. Unlike the 
traditional culture methods that may yield nega- 
tive results after patient receives evetf small doses 
of antiviral drugs, CSF PCR retains its sensitivity 
after short courses of antiviral therapy or passive 
immunization. This allows the prompt initiation 
of empiric therapy when a patient &:st presents 
with suspected meningitis or encephalitis, without 
potentially compromising definitive diagnostic 
tests. PCR is also preferable to serological testing, 
which often requires 2-4 weeks after acute infec- 
tion for the development of a diagnostic rise in 
antibody titers, and is of limited value for viruses 
with high basal seroprevalence rates. In contrast 
to serologic testing, CSF PCR yields positive re- 
sults during acute infection, when the amount of 
replicating virus is maxunal. Finally, CSF PCR is 
substantially less invasive than bram biopsy, 
which was previously the gold standard for the 
diagnosis of many central nervous system (CNS) 
herpesvirus infections. 

The exquisite sensitivity of PCR is both its 
greatest virtue and greatest potential Umitation. A 
positive CSF PCR result indicates the presence of 
viral nucleic acid and is, in general, a marker of 

recent or ongoing active CNS viral infection by 
that particular pathogen, especially in an im- 
munocompetent individual (Tyler, 1994). False- 
positive CSF PCR results, in which a positive 
result does not indicate active CSF infection, can 
occur due to inadvertent contamination of speci- 
mens or failure to properly confirm the specificity 
of the amphfied product. It is theoretically possi- 
ble that positive CSF PCR results in patients with 
systemic disease and traumatic lumbar punctures 
or breakdown of the blood-brain barrier may 
reflect their systemic infection rather than CNS 
disease, although data on this point are lacking. 

Rephcating virus and viral DNA do not persist 
indefinitely, so that the CSF PCR test becomes 
negative over time, especially in immunocom- 
petent patients (Haanpaa et al., 1998). While most 
CSF testing in the clinical setting of suspected 
meningitis or meningoencephalomyehtis is per- 
formed within 1-2 days following the onset of 
neurological symptoms, positive test results can 
persist for 2-4 weeks after the onset of cUnical 
disease depending on the virus and the treatment 
initiated (Weber et al., 1996). False-negative tests 
can occur if PCR inhibitors are present in CSF. 
However, modest CSF xanthochromia, high 
protein levels, or high white blood cell counts do 
not generally have a negative impact on CSF 
PCR testing. 

CSF PCR testing may be performed on fresh or 
frozen samples. Refrigeration for a few hours or 
even days does not appear to significantly reduce 
the yield of the test (Weinberg, personal commu- 
nication). However, viral DNA is relatively more 
stable than RNA in archived samples. The 
exquisite sensitivity of the technique allows the 
use of small volumes of CSF for analysis (i.e. 30 
Hl), although laboratories generally request at 
least 0.5 ml. , ;i> 

Quantitative PCR by several techniques is in^ 
creasingly being applied to clinical samples. One 
technique involves the use of internal ohgonucle- 
otides—labeled at one end with a fluorescent dye 
and at the other end with a quencher dye—along 
with the PCR primers during amplification. Fluo- 
rescence emitted during PCR is measured and 
directly correlated to the number of copies of the 
target nucleic acid in the original sample. Several 
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Studies have suggested that nucleic acid copy 
number ("viral load") may be a marker for the 
severity of disease or may help predict the out- 
come, although it remains to be determined 
whether this is true for all herpesvirus infections 
(Domingues et al., 1998). 

2. Our clinical virology laboratory's experience 

The UCHSC clinical virology laboratory per- 
forms CSF PCR for herpesviruses (herpes simplex 
virus, HSV; Epstein-Barr virus, EBV; cy- 
tomegalovirus, CMV; and varicella zoster virus, 
VZV) three times a week, which makes chnically 
useful data rapidly available for the management 
of patients with presumed diagnoses of her- 
pesvirus encephalitis, and reduces unnecessary 
therapeutic interventions. Upon receipt of CSF 
specimens are stored at — 70 °C in 30 ^1 aliquots. 
DNA is extracted from each ahquot with Insta- 
Gene purification matrix (Boehringer Mannheim, 
Mannheim, Germany). Amplification is carried 
out in 50 \i\ mixtures containing 20 nl of extracted 
DNA, 1.25 U of Pful (Stratagene LaJolla, CaU- 
fomia, USA), 100 |iM of each four deoxynu- 
cleoside triphosphates, and 1 \iM of each primer 
in Pful buffer (Stratagene). Samples are amplified 
in duplicate for 45 cycles. Amplified DNAs are 
separated according to molecular weight using 
agarose gel electrophoresis and transferred to ny- 
lon membranes. The identity of the DNA bands is 
confirmed by hybridization with a digoxigenm-la- 
beled probe (Boehringer Mannheim), followed by 
an anti-digoxigenin antibody conjugated to alka- 
line phosphatase and CSPD® chemiluminescent 
substrate (Tropix, Bedford, MA, USA). Each as- 
say includes a negative water control and two 
positive sensitivity controls. Tests are considered 
valid if controls yield the expected results and if 
patient replicates agree. 

Our HSV PCR detects ^ 2 genomic equivalents 
per reaction. Upon review of 2214 CSF specimens 
received at our institution for HSV PCR analysis 
between 1997 and 2001, 79 specunens (3.6%) 
yielded positive results. The prevalence of other 
herpesviruses based on the review of all her- 
pesvirus PCRs performed at our institution is as 

follows: EBV 7.4% (39/528 samples between 1995 
and 2001), VZV 3.9% (22/569 samples between 
1998 and 2002), and CMV 2.3% (11/483 samples 
between 1999 and 2002). 

3. Use of PCR for the diagnosis of specific CNS 
herpesvirus infections 

CSF PCR testing has played a critical role in 
estabhshing the frequency and distribution of her- 
pesvirus infections in immunocompetent popula- 
tions. Detection of HSV-1, HSV-2, CMV, and 
VZV DNA correlates strongly with specific clini- 
cal syndromes of encephalitis/myelitis and menin- 
gitis. Occasional immunocompetent or 
immmiocompromised patients have more than 
one herpesvirus detected in CSF by PCR, and 
EBV has been the most frequent agent associated 
with a dual positive result. In a large series of 662 
patients, mostly unmunocompetent, detection of 
human herpesviruses (HHV)-6 and EBV by CSF 
PCR did not correlate clinically in several individ- 
uals with the presence of a CNS infection known 
to be caused by that vkus (Studahl et al, 2000). 
Sunilarly, in a large study of immunocompro- 
mised (HIV-infected) individuals, conducted to 
assess the diagnostic reliabiUty of CSF PCR by 
comparison with biopsy or autopsy diagnoses, the 
most frequent false-positive herpesvirus detected 
was HHV-6 (Cinque et al., 1996). Additional large 
studies are necessary to determine the extent of 
false-positive PCR results for herpesviruses, espe- 
cially with regard to HHV-6 and EBV in im- 
mvmocompromised hosts. 

3.1. HSV VI 

3.1.1. HSV-1 
Despite the high prevalence of seropositivity to 

HSV in the general population and the fact that 
the virus becomes latent in dorsal root gangHa of 
most hxmians, HSV DNA is not detected in CSF 
of HSV-seropositive individuals who are neuro- 
logically normal or who have other types of non- 
HSV CNS infections (Tyler, 1994). The sensitivity 
and specificity of CSF PCR exceeds 95% for HSV 
encephalitis (Lakeman and Whitley, 1995), and as 
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a result, CSF PCR has replaced brain biopsy as 
the diagnostic test of choice for HSV encephalitis. 
The high sensitivity and specificity of CSF PCR 
means that in patients with a low pre-test proba- 
bility of HSV encephalitis an appropriately per- 
formed negative test essentially excludes the 
diagnosis. Conversely, in patients with a high 
pre-test probability of HSV encephalitis, a nega- 
tive test, although dramatically decreasing the 
likelihood of HSV encephaUtis, does not entirely 
exclude it. A positive CSF PCR for HSV in the 
appropriate cUnical setting is initially diagnostic 
of HSV encephalitis (Tebas et al., 1998) The use 
of HSV CSF PCR has also led to the identifica- 
tion of mild or atypical forms of encephahtis that 
were formerly attributed to other viruses, often in 
the absence of brain biopsy (Domingues et al., 
1997) and that may account for 17% of total cases 
of HSV encephalitis (Fodor et al., 1998). CSF 
PCR has estabUshed the diagnosis and role of 
HSV-1 in brainstem encephaUtis (Tyler et al., 
1995), myelitis (Studahl et al., 2000), multifocal or 
diffuse encephalitis without temporal lobe in- 
volvement in children (Schlesinger et al., 1995a), 
and neonatal encephaUtis. In children, symptoms 
of HSV encephalitis may recur after antiviral 
therapy. These "relapses" have been attributed 
both to residual active infection and post-infec- 
tious immune-mediated processes. CSF PCR may 
help distinguish between these possibiUties (Ito et 
al., 2000). Quantitative CSF PCR in cases of 
pediatric HSV encephaUtis is currently being stud- 
ied as a method for monitoring response to antivi- 
ral drugs (Ando et al., 1993). 

3.1.2. HSV-2 
CSF PCR has helped cUnicians to recognize 

that HSV-2 may cause aseptic meningitis even in 
the absence of genital herpetic lesions (Schlesinger 
et al., 1995b), and estabUshed HSV-2 as the most 
common cause of benign recurrent lymphocytic 
meningitis, including many cases previously diag- 
nosed as Mollaret's meningitis (Tedder et al., 
1994). CSF viral cultures aretypicaUy negative 
during recurrent episodes of HSV-2 meningitis. 
However, CSF PCR is positive in patients with 
recurrent episodes of HSV-2 meningitis. CSF 
PCR has iUustrated that immunocompetent adults 

may develop HSV-2-induced meningoencephaUtis 
and meningitis (Studahl et al., 2000), as weU as 
rare cases of HSV-2 brainstem encephaUtis and 
recurrent thoracic myelitis. 

3.2. VZV 

CSF PCR for VZV has considerably broadened 
the understanding of the neurologic complications 
due to VZV infection. VZV infection can involve 
virtuaUy every part of the central and peripheral 
nervous system (Kleinschmidt-DeMasters and 
Gilden, 2001). The combination of serological 
studies and CSF PCR for VZV has been particu- 
larly helpful in identifying cases of VZV CNS 
infections without associated rash (sine herpete) 
(Bergstrom, 1996). Since the virus can only rarely 
be cultured from CSF, the diagnosis of meningitis 
or meningoencephaUtis previously depended on 
the presence of a characteristic vesicular erythe- 
matous rash before, during, or after CNS infec- 
tion, and VZV-mediated neurologic diseases were 
under-recognized. CSF PCR for VZV has shown 
that aseptic meningitis and brainstem encephaUtis 
due to this virus may occur in immunocompetent 
hosts (Haanpaa et al., 1998; Studahl et al., 2000). 
In HIV-infected patients, CSF PCR for VZV 
DNA may have utiUty in monitoring therapeutic 
response and in predicting the outcome of VZV 
meningoencephaUtis. For example, in a series of 
516 HIV-infected patients, PCR became negative 
in patients treated with antivirals whose cUnical 
conditions improved, but remained positive de:r 
spite appropriate therapy in several patients who 
subsequently died (Cinque et al., 1997). In addi- 
tion, patients with detectable CSF VZV DNA, 
which was considered an indicator of subcUnical 
reactivation of VZV antecedent to clinical disease, 
who were treated with antiviral agents, had im- 
proved outcome. Monitoring of CSF PCR al- 
lowed for the effective use of prophylactic therapy 
in this patient population. 

PCR on both CSF and fluid from auricular 
vesicles has confirmed that VZV causes Ramsay 
Hunt syndrome, the second most common cause 
of seventh nerve facial paralysis after BeU's palsy 
(Murakami et al., 1998). Ramsay Hunt sjmidrome 
can be difficult to recognize since the rash is 
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hidden in the ear or mouth, and the rash may be 
delayed, particularly in pediatric patients. PCR on 
endoneurial fluids and posterior auricular muscle 
samples collected during decompressive facial 
nerve surgery for Bell's palsy identified HSV-1 
DNA in 79% of patients and confirmed that 
neither EBV or VZV is an important cause of 
idiopathic Bell's palsy. A subsequent study using 
PCR identified a subset of patients with acute 
peripheral facial palsy that has zoster sine herpete 
(Furuta et al., 2000). VZV was responsible for a 
significant percentage of the total number of cases 
of facial palsy (29%), and an even higher percent- 
age of reactivations (88%)) in HSV-seronegative 
patients. Hence, PCR has verified a role for her- 
pesviruses in both of the common causes of facial 
nerve paralysis and has distinguished which virus 
is causative in clinically confusing cases. 

PCR testing on fresh, frozen, or archival-fixed 
and paraffin-embedded CNS tissues has allowed 
the detection of VZV nucleic acid, even from 
small or imperfectly preserved specimens. Tissue 
PCR of cerebral arteries has estabUshed a direct 
role for VZV in cases of large-vessel and small- 
vessel vasculopathy (Melanson et al., 1996). In a 
patient with waxing and waning VZV vasculitis, 
the detection of VZV DNA by PCR led to the 
discovery that VZV antigen was also present, 
indicating a productive infection in blood vessels 
as the cause of the disease. Brain tissues may be 
positive for VZV DNA by PCR even when the 
virus is no longer detectable by other methods, 
such as Ught microscopy for viral inclusions, im- 
munohistochemistry, or in situ hybridization. 

3.3. EBV 

CSF PCR testing has been found to be nearly 
100% sensitive as a tumor marker for EBV-related 
CNS lymphoma, and has changed the way in 
which clinicians diagnose CNS lymphoma in im- 
munocompromised individuals (Landgren et al., 
1994). In a study of AIDS patients with CNS 
mass lesions, a positive EBV CSF PCR correctly 
identified all 17 CNS lymphoma cases and was 
positive in only one of 68 AIDS patients with 
non-CNS lymphoma mass lesions (Cinque et al., 
1996). CSF PCR for EBV is also positive during 

the acute phase of the illness in children with 
mfectious mononucleosis and neurological com- 
plications such as transverse myelitis, meningoen- 
cephalitis, and aseptic meningitis (Weber et al., 
1996). CSF PCR is not positive in EBV-seroposi- 
tive individuals in the absence of CNS infection. 
However, positive EBV PCR may be seen in 
patients with evidence of other viral or non-viral 
CNS infection, raising the possibiUty that these 
infections may trigger viral reactivation. Studies 
are currently in progress to determine whether 
quantitative PCR wUl be useful for distinguishing 
different types of EBV CNS infections or for 
identifying the causative agent in cases in which 
there is evidence for dual infection with EBV and 
another pathogen (Weinberg et al., in press). 

3.4. CMV 

CSF PCR is a useful technique for detecting 
CMV CNS infections in immunodeficient hosts, 
with a reported sensitivity of 82%o and specificity 
of 99%) in AIDS patients (Cinque et al., 1995). 
The clinical utility of the test in the setting of 
congenital CMV infection is being investigated, 
particularly with respect to correlating neurologic 
outcome with CSF viral load (Whitley, personal 
communication). CMV viral load has also been 
monitored in peripheral blood leukocytes as a 
method to predict which immunosuppressed pa- 
tients might develop end-organ disease. »;•< 

3.5. HHV-6, HHV-7 and HHV-8 

CSF PCR testing has corroborated the role of 
HHV-6 in febrile seizures, meningitis, encephali- 
tis, and encephalopathy in immunocompetent and 
immunocompromised individuals (Yoshikawa 
and Asano, 2000). HHV-6 genome has been 
demonstrated in CSF from up to 51% of children 
younger than 1 year of age who have febrile 
seizures and has also been seen in children with 
recurrent febrile convulsions. The role of HHV-7 
in neurological disease is unclear, although the 
detection of HHV-7 DNA in CSF and serum of 
children with exanthem subitum and encephalot 
pathy has been reported (Torigoe et al., 1996)v 
Encephalitis in immunocompromised individuals 
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associated with HHV-8 has been described, but 
this awaits additional confirmation. HHV-8 DNA 
has been detected in primary CNS lymphomas in 
some studies but not others. In the study in which 
HHV-8 was detected, the virus was surmised to 
play an indirect role in the development of pri- 
mary CNS lymphoma, and was thought be 
present in the adjacent non-neoplastic 
lymphocytes but not the lymphoma cells (Corboy 
et al, 1998). 

4. Use of tissue PCR to exclude herpesvinis as 
etiologic agents of nervous system disease 

Given the protean manifestations of her- 
pesvirus-mediated infections of the central and 
peripheral nervous system, efforts have been made 
to detect these viruses by PCR on tissues from 
several disease entities characterized by arteritis 
and/or inflanmiation. PCR testing of various tis- 
sue specimens has made it unlikely that VZV 
plays an etiologic role in giant cell arteritis and 
has provided no evidence that VZV, CMV, EBV, 
or HSV play a role in childhood multifocal en- 
cephalomalacia. Negative PCR results have also 
made it unlikely that HSV plays a causative role 
in Meniere's disease. A survey of a variety of 
peripheral nerve diseases, including inflammatory 
peripheral neuropathies, revealed no HSV DNA 
by PCR in peripheral nerves, making it unhkely 
that HSV plays a significant role in these disor- 
ders (Kleinschmidt-DeMasters et al., 2001). 

The significance of the detection of HSV in 
CNS tissues is uncertain. HSV viral genome was 
first detected in human brain tissue using nucleic 
acid hybridization techniques in 1979 and 1981. 
Since then, PCR has confirmed the presence of 
HSV DNA in brainstem, olfactory bulbs and 
limbic areas of individuals without CNS disease 
(Baringer and Pisani, 1994). Since HSV has never 
been isolated by culture from normal human 
brain tissue, the presence of the viral genome, as 
detected by PCR, is of uncertain significance. 
Further studies are needed to determine whether 
the entire viral genome is present, and if so, if this 
represents latent virus or virus potentially capable 
of reactivation. Positive PCR results may instead 

represent the presence of random viral sequences 
or fragments of virus in neurons or other CNS 
cells. Tissue PCR remains a research technique 
that requires further study prior to its potential 
use as a clinical diagnostic method. 
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data suggest that ^eBH3-only Bct2 fataily proteins Bid and Bjm play a. 
critical role in the'reg^ation of the mitodEiondriaiapbptotic pathway, in 
reoviros-iiifectedpriniary neuronai cultures. ■ 
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)ISTINCT PHASES OF VIRUS-INDUCED NF-KAPPAB- 

REGULATION ENHANCE TRABL-INpUCED APOPTOSIS IN 
■ BSFECTEDCELLS •;.• •;.    ;''. 
Penny Claiie, Siazanne M. Meintzer, and Kenneth L. Tyleir. Dfepatilient 
of Neurology, University of Colorado Hejilth Sciences Center, Denver; 
Colorado80262 _    . . :      - .    ; 

Viruses often utilize cellukrtranscriirtioii factors to proniote viral growth 
and influence cell fais. We have previously shoiyh thait nuclear factor - 

■IcappaB (NF-KB) is actlvated>fdUowingreovirus infection and t3ia,t this 
activation: IS required for virus-induced apoptdsis.' We itow identify a 
^ondphase of reovirus-inducedNF-KB regulation. We show that at later. 
timfcJTpost iitfecticm NF-K B activaiioh is blocked in reovirus-infected 
cells. This results iji liie.tennination of yirus-indUcedNFrK B activity' and - 
the inhibitioii of tumornecrosis fectoi: (TNF) alpha and etoposideiriiiduced" 
NF-kB acijvatibnininfectedcells.Reoyihis-mducedinhibitionofNF^KB 
activation occurs by a ittechanisiii that prevent? degradation of IK Ba, the 
cytoplasmic inhibitor of NF-KB. Tim effect reqmres viral replication, and' 
is blocked in lie presence of the viral KNA syntheJsis inhibitor ribavirin. In 
many epidieliai cell lines, reovirus-iniiuced ^optdsis is mediated by TNF 
related apbptbsis inducing ligand (TRAIL). We show that ribavirin inhib- 
its reovirus-ihducedapoptqsis inTRAIL-iesistantHEK293 cells and pre- 
vents tiis ability pfredvirus infection ta sensitize TRAIL-resistant cells to 
TRAlL-induced appptosis. Furth?rj TRAIL-indjiced apoptosis.is enhanced 
inHEK293 cells expr^singIkB8N2, aniKB super-repressor that blocks 
NF-K B activation: Ttiese results ihdic^e that"tiie ability 'of repviruis to 
inhibit NF-k B activation sensitizes HEK293 cells to TRAIL and facili- 
tates virus-induced apbptosis in TRAIL-resistant cells. Our studies show 
that repvirUs. infection results in A bimpdal alteration in NF-K B regulation 
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JREQVIRUS NON-STRUCrURALPROTEIN SIGMAl SMALL IS ^ 

- Glisten G. Hpyt'.; George J. Pbggioli ^ , and Kenneth L. Tyler '•2*4 
Departrndit of ImitttaiologyVPepa^ Microbiology 

. ^andNeurology:* at tJiuveraty of Colorado Health Sciences Genter^a^^ 
Denver yet€im\S Affairs Medicd Center, Denver, Co to 

. .Th^ereovirus non-stcuctural protein Sigma 1 small plays a key role in 
. virus-induced|iiertutbaitioa of cell cycle regulation m infected cells. De- 
spite this fact, little is knoWn aboiut how this pfotein interacts -v^ host 
cellsdming eithernatural infection or in w/rotransfectipn. Previous immu- 
iiocytochernicai and immunoprecipitation studies suggested that sigma 1 

. smdl (CT IS) coixld be detected in both tiie cytoplasm; and nucleus of m- 
jfectedcfells. Exjuninatipri of the a is aniino acid sequence revealed the 
presence of aputative nuclear loc^ation signal (NLS) ("RRSKRRIJC*'). 
In order to determine wbether ^ Is contamed a fimctiGnalNLS we created 
afusionptptemcbntaininggreOTfliiorescentproteia-<Tls-pyruvateldnase 
(GEP-^crls-PK) and traiBfected this into L929 cells. GFP-cf Is-PK was 
present in Ihe'nucleus as well as ttie cytoplasm. A control fusion protein 
lax^g g 1 s (Gia*-PK) was exclusively retailed in the cytoplasm: Dele- 
tion of the jputatiye NliS from the GFP-a Is-PK fiision'protein abrogated • 
nuclear localizaiibn. The pattern of cellular fluorescence seen 'foUoWiijg 
transfection wi& GFP-cr Is-PK suggested tl^t a Is might also contam a 
nuclear export signal (NES). A putative NES v/as identified in the a is 
^mino acid sequence (^SMBLIRVLP**). Deletion of fliis putative NES 

: did not prevent nuclear localizatiGn of tiie fusion prpteul, but did abcogate 
its subsequent ejcport to. fbs cytoplasm! Similar results were seen when 

.cells tiansfected with GFPHJ Is-PK were treated vvith leptomycm B, an 
idbibitor of CRM-l mediated nuclear export. Our studies demonstrate 
that <y is functions as a niicleocytoplasmic shuttling protein containing 

. discrete nuclem-export and nudearlocaHmtionsigiQals,andutilizes a C^ 
1. dependent nuclear export pathway. This is the first deruonstratiori of a 
shutfle protein m the fiunily ireoviridae. . 
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The cellular mechanisms underlying virus-induced cell death in the central nervous 
system (CNS) are poorly understood. Reovirus infection is a classic experimental model 
system for studying viral encephalitis and virus-induced neuronal death. Neurotropic 
reoviruses infect neurons and cause lethal encephaUtis in neonatal mice. Neuronal cell 
death is due to apoptosis, a form of programmed cell death characterized by distinct 
biochemical and morphologic changes that are executed by apoptosis-specific proteases 
(caspases). Following intracerebral infection of neonatal mice with reovirus T3 Dearing 
(T3D), neuronal cell death was shown to be due to apoptosis as estabUshed by criteria 
including: (1) the presence of characteristic histopathologic changes in neurons, (2) 
positive TUNEL staining, and (3) demonstration of the presence of activated caspase 3 in 
infected cells. In order to better understand the cellular basis for reovirus-induced 
neuronal apoptosis we investigated this process in primary neuronal cortical and 
hippocampal cultures in which reovirus infection replicated the essential features seen in 
mice. These studies have provided a comprehensive picture of vims-induced apoptotic 
signaling in neurons. T3D induces apoptosis in neurons by triggering death receptor 
(DR)-mediated apoptosis, involving the Fas/FasL system as well as other TNFR 
superfamily death receptors. DR-initiated apoptotic signaling required ampUfication by 
activation of mitochondrial death signaling for maximal activation of effector caspases 
exempUfied by caspase 3. Crosstalk between DR and mitochondrial apoptotic patiiways 
was associated with DR activation-induced caspase 8-mediated cleavage of the pro- 
apoptotic Bcl-2 family protein Bid. Cleaved Bid translocated to the mitochondria along 
with Bax and Bim, two other pro-apoptotic Bcl-2 family proteins. Convergence of 



cleaved Bid, Bax, and Bim at the mitochondria resulted in release of the apoptogenic 
protein Smac/DIABLO from the mitochondria into the cytosol. Cytosolic Smac blocks 
inhibitor of apoptosis (lAP) family proteins reUeving lAP-mediated negative regulation 
of caspases. As would be predicted from these results, T3D-induced neuronal apoptosis 
in vitro can be inhibited by blocking activation of DRs, specific caspases including 
caspase 8 and caspase 3, over-expression of anti-apoptotic proteins including Bcl-2, and 
by inhibition of JNK/c-Jun signaling. Having identified the mechanisms of reovirus- 
induced neuronal apoptosis in vitro we next sought to determine whether these pathways 
were also active in a mouse model of encephalitis, and whether manipulation of apoptotic 
signaling pathways would modify the pathogenesis of reovirus-induced apoptosis. The 
caspase iiJiibitors ZVAD-FMK and OPH-QVD, and the neuroprotective tetracycline 
derivative minocycline, inhibit T3D-induced apoptosis and injury in the CNS of infected 
mice and prolong survival. These studies suggest that drugs or other agents designed to 
inhibit virus-induced neuronal apoptosis may have potential as therapeutic agents for 
treating viral CNS infections. 


